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Preface to the Series 



The mechanisms of disease production by infectious agents are presently the 
focus of an unprecedented flowering of studies. The field has undoubtedly 
received impetus from the considerable advances recently made in the under- 
standing of the structure, biochemistry, and biology of viruses, bacteria, fungi, 
and other parasites. Another contributing factor is our improved knowledge 
of immune responses and other adaptive or constitutive mechanisms by which 
hosts react to infection. Furthermore, recombinant DNA technology, mono- 
clonal antibodies, and other newer methodologies have provided the technical 
tools for examining questions previously considered too complex to be suc- 
cessfully tackled. The most important incentive of all is probably the regener- 
ated idea that infection might be the initiating event in many clinical entities 
presently classified as idiopathic or of uncertain origin. 

Infectious pathogenesis research holds great promise. As more information 
is uncovered, it is becoming increasingly apparent that our present knowledge of 
the pathogenic potential of infectious agents is often limited to the most notice- 
able effects, which sometimes represent only the tip of the iceberg. For example, 
it is now well appreciated that pathologic processes caused by infectious agents 
may emerge clinically after an incubation of decades and may result from ge- 
netic, immunologic, and other indirect routes more than from the infecting 
agent in itself. Thus, there is a general expectation that continued investigation 
will lead to the isolation of new agents of infection, the identification of hitherto 
unsuspected etiologic correlations, and, eventually, more effective approaches 
to prevention and therapy. 

Studies on the mechanisms of disease caused by infectious agents demand 
a breadth of understanding across may specialized areas, as well as much coop- 
eration between clinicians and experimentalists. The series Infectious Agents and 
Pathogenesis is intended not only to document the state of the art in this fascinat- 
ing and challenging field but also to help lay bridges among diverse areas and 
people. 



Mauro Bendinelli 
Herman Friedman 




Introduction 



This volume on the topic Chlamydia pneumoniae infection and disease is appro- 
priate, we believe, for our continuing series on infectious agents and patho- 
genesis. This book concerns both basic and clinical concepts and implications 
of infection by the ubiquitous, opportunistic intracellular bacterium Chlamydia 
pneumoniae (Cpn), which was recognized only in the last few decades as a cause 
of significant morbidity and disease in humans. Infections by Chlamydia are now 
believed to cause chronic diseases, including serious sequelae. C. pneumoniae in- 
fection was first recognized as a cause of acute upper respiratory tract infection, 
especially pneumonia and bronchitis in young individuals. However, nearly all 
adults have evidence of being exposed to this organism, since relatively high 
serum antibody levels are present in the blood of most individuals, even those 
with no evidence ofprevious clinical disease. Thus, there is now much interest in 
the likelihood that chronic sequelae developing after either acute or, most likely, 
asymptomatic infections may result in chronic inflammatory diseases, including 
coronary heart disease, such as atherosclerosis, and possibly some neurologic 
autoimmune disease like multiple sclerosis and, even, Alzheimer’s disease. 

This volume presents up-to-date reviews of Chlamydia infection and dis- 
ease by acknowledged experts on the basis of basic science and clinical stud- 
ies. The first chapter of this volume is a general overview of the expanding 
knowledge that this ubiquitous intracellular bacterium may be associated with 
many diseases besides pulmonary infections. Drs. Oulette and Byrne from the 
University of Tennessee review the basic biology of this organism, including 
information concerning different forms of Chlamydia, such as the EB and RB 
bodies. Dr. Miyashita and colleagues from Japan describe the morphology of 
these bacteria. The cellular and molecular biology of this obligate intracellular 
bacterium are discussed by Dr. Christiansen and colleagues from Sweden. An 
overview of the immune response to Chlamydia, including involvement of in- 
nate and adoptive immune defenses, is discussed by Dr. Surcel and colleagues 
from Finland. Dr. M. Rottenberg and associates from Sweden describe cur- 
rent information concerning development of vaccines against this bacterium. 
Dr. Margaret Hammerschlag from New York presents a review of the efficacy 
of antibiotic treatment for C. pneumoniae infection, while Dr. Yamamoto from 
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Japan describes newer laboratory techniqnes, especially PCR methods, for rapid 
detection of Chlamydia in blood. 

A review by Drs. Nge and Gupta from England details the possible role 
of this microorganism in cardiovascular disease pathogenesis. Dr. Byrne from 
Tennessee gives an introduction into current concepts that C. pneumoniae is 
associated with important chronic diseases, especially atherosclerosis. Animal 
models of Cpn infection, especially as related to atherosclerosis, are discussed by 
Dr. Fong from Canada. Dr. Oulette and colleagues from Tennessee then describe 
some of the known factors associated with this bacterium in the pathogenesis of 
cardiovascular disease. Dr. Muhlestein from Utah describes some of the clinical 
evidence aimed at determining whether antimicrohial treatment of Chlamydia 
infection has a significant effect on coronary artery disease. Drs. Harken and 
Judy Gnarpe from Canada present information concerning myocarditis associ- 
ated with Cpn infection. 

Involvement of this bacterium with other chronic diseases, including reac- 
tive arthritis, as well as the possibility that infection with Cpn is associated with 
diseases of the nervous system, including late onset of Alzheimer’s disease and 
multiple sclerosis, is discussed. Drs. Stratton and Sriram from Vanderbilt Univer- 
sity present a summary of their study, indicating that Cpn infection is associated 
with multiple sclerosis, an association which has heen controversial hut has also 
heen confirmed by a number of other investigators. Dr. Balin and colleagues 
from Philadelphia describe histologic evidence suggesting that C. pneumoniae 
may be associated with the pathogenesis of Alzheimer’s disease, at least late 
disease. Dr. Whittin-Hudson and colleagues from Detroit discuss the possible 
involvement of this bacterium in arthritis. Dr. David Hahn from Madison, WI, 
discusses the role of C. pneumoniae 'm asthma. Dr. Ouchi from Japan discusses 
the classic situation of respiratory infections caused hy C. pneumoniae from the 
viewpoint of pediatric patients. Dr. Blasi and colleagues from Italy also discuss 
information concerning pneumonia caused hy this organism. 

It is widely acknowledged that research and clinical studies concerning 
infection hy this pathogen will have numerous heneficial results for both the 
medical and the scientific communities. The editors of this volume, as well as 
authors of individual chapters, are encouraged by recent developments con- 
cerning advances in knowledge about this organism and its association not only 
with acute infections such as respiratory diseases but also chronic inflamma- 
tory diseases like atherosclerosis and autoimmunity, especially CNS diseases. We 
believe the emerging interest in this important opportunistic intracellular bac- 
terium is of value not only for clinicians but also for laboratory investigators and 
biomedical scientists, as well as students and health professionals in general. 
The editors wish to express their thanks and gratitude to Ms. Ilona Friedman, 
who again served as an outstanding editorial assistant for this volume, as for all 
the books in this series. 



Yoshimasa Yamamoto 
Herman Friedman 
Mauro Bendinelli 
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Chlamydia pneumoniae: 
Prospects and Predictions for 
an Emerging Pathogen 

SCOT. P. OUELLETTE and GERALD. I. BYRNE 

1. OVERVIEW 

Chlamydial diseases have long been recognized as a significant cause of mor- 
bidity in humans. Although acute disease is rarely fatal, chronic infections with 
their associated sequelae have an enormous impact both on the economy and 
on the quality of life of those who suffer from these conditions. For Chlamydia 
trachomatis, acute infections include conjunctivitis and the sexually transmitted 
diseases; chronic infections can lead to trachoma, tubal factor infertility, pelvic 
inflammatory disease, and reactive arthritis.*^*^ The identification and speciation 
of Chlamydia pneumoniae about 15 years ago and the recognition that a large per- 
centage of the world’s population has been exposed to this organism^^^ have 
led many investigators to inquire into certain diseases with unknown etiology, 
some of which were not thought to have an infectious component. For Chlamy- 
dia pneumoniae, acute infections are localized to the airways, with pneumonia 
and bronchitis being the most common disease conditions. Chronic seque- 
lae, developing from acute or asymptomatic infections, cannot be definitively 
attributed to C. pneumoniae at this time, although evidence is accumulating to 
suggest that C. pneumoniae infection may also lead to debilitating (asthma) and 
even fatal (heart disease) conditions. Table I shows acute diseases caused by 
C. pneumoniae and the chronic diseases with which it has been associated. Possi- 
ble pathological associations are also listed. 

C. pneumoniae, like other members of the genus, has the characteristic 
biphasic life cycle between the infectious, metabolically inert elementary body 
(EB) and the noninfectious, metabolically active reticulate body (RB). EBs are 



SCOT P. OUELLETTE and GERALD I. BYRNE • Department of Molecular Sciences, Uni- 
versity of Tennessee Health Science Center, Memphis, Tennessee. 



1 




2 



S. P. OUELLETTE and G. I. BYRNE 



TABLE I 



C. pneumoniae Diseases and Putative Chronic Sequelae 



Acute disease 


Chronic disease 


Possible 

chlamydia-associated 

pathology 


Epidemiology® 


Refs. 


Community- 

acquired 

pneumonia 


Atherosclerosis 


Macrophage/endothelial 
dysfunction, chronic 
inflammatory response, 
LDL oxidation 


Serology, IHC, 
PCR, EM. 
culture 


4, 5, 6, 7 
(see 8 for 
review) 


Bronchitis 

Pharyngitis 


Asthma 


Ciliary dysfunction, 
inflammatory and Ig£ 
responses, bronchial 
hyperresponsiveness 


Serology, PCR. 
MIF, culture, 
treatment 


9, 10 (see 11 
for review) 


Other respiratoiy 
tract diseases 


Reactive arthritis 


Chronic inflammatory 
response, HLA type 
association 


RT/PCR 


12, 13 




Alzheimer’s (late 
onset) 


Chronic inflammation, 
glial cell dysfunction 


RT/PCR, EM 


14 




Multiple sclerosis 


Chronic inflammation 


PCR 


15 



“IHC; immunohislochemislry; MIF: microiimTmnofluorescence; EM: electron microscopy; RT/PCR: reverse 
transcriptase/polymerase chain reaction. 



internalized into a pathogen-modified phagosome that avoids fusion with lyso- 
somes. This is referred to as an inclusion. The ability of C. pneumoniae to 
enter a non-productive growth state, often termed persistence, further high- 
lights the similarities between C. trachomatis and C. pneumoniae (see ref. 16 for 
review). However, as is apparent in the chapters of this text, it is quite clear 
that C. pneumoniae also has unique characteristics that contribute to its disease- 
evoking potential. 



2. INSIGHTS: BASIC BIOLOGY 

Understanding the basic biology of the bacteria is a critical first step to 
developing better treatment strategies. Miyashita et al. have provided an ultra- 
structural assessment of the C. pneumoniae EB and RB, with particular focus 
on the surface projections that have been documented in other Chlamydia. 
In spite of the oft-seen pear-shaped EBs of C. pneumoniae, the authors show 
that at the electron microscopic level the basic morphology remains the same 
between all isolates examined. The surface projections span the chlamydial 
membranes to effectively connect the bacterial cytoplasm with its surrounding 
environment. RBs also appear to associate with the inclusion membrane in such 
a way as to allow direct connection with the host cytoplasm. These observations 
are intriguing and lead to speculation about possible roles for type III secre- 
tion and parasite-mediated host cell disruption. Type III secretion is a common 
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feature among Gram-negative pathogens that allows the organism to directly 
inject effector molecules into the host cell cytoplasm that modulate host cell 
function in ways that are advantageous to the bacteria/*^* 

Christiansen et al. have reviewed the cell and molecular biology of this or- 
ganism. Chlamydia are obligate intracellular parasites and consequently have 
several obstacles to overcome in establishing a successful growth phase. The 
mechanism of attachment to host epithelial cells remains unknown, but sur- 
face components that may play a role include the major outer membrane pro- 
tein, cysteine-rich outer membrane proteins, and other polymorphic membrane 
proteins.^'*' The broad host cell tropism that is characteristic of C. pneumoniae 
likely has its origins in the outer membrane complex. Modification of the phago- 
some into which the bacteria enters is an important survival mechanism as it 
prevents fusion with the lysosome. The chlamydial proteins on the inclusion 
membrane responsible for inhibiting this process are not definitively known. 
Chlamydiae secrete inclusion membrane proteins (Incs),*'^' which are inserted 
into the membrane and may help prevent lysosome fusion via a type III depen- 
dent process. Belland et al. have recently identified a hypothetical gene that is 
transcribed very early in the course of infection and may also serve to prevent 
phagosome maturation. Other areas of interest where transcriptional profil- 
ing may be useful include how the organism directs differentiation from EBs to 
RBs and vice versa. Such techniques must be used because there are no methods 
for genetic transfer, which makes members of the genus Chlamydia some of the 
most difficult organisms to study. Developing a tractable genetic system to allow 
for targeted gene disruption would be a great asset for chlamydial research. 
Unfortunately, such a system is difficult to envision. The EB has a tightly cross- 
linked outer membrane and its chromosome is packaged in histone-like pro- 
teins. Thus, introducing DNA vectors into EBs may prove difficult, and DNA may 
not be recombined into the chromosome. Targeting the RB for transformation 
also has problems. Once inside the cell, there are three membranes separat- 
ing the organism’s cytoplasm from the extracellular environment: the host cell 
membrane, the inclusion membrane, and the bacterial cell wall. Eurthermore, 
RBs are fragile, so harsh transformation methods such as electroporation would 
not likely have success. 

Immune responses to Chlamydia have traditionally been difficult to dissect. 
As an intracellular pathogen, immune responses to C. pneumoniae WiW likely in- 
volve THl responses. However, there will be significant differences from C. tra- 
chomatis in terms of innate defenses because of the anatomical and physiolog- 
ical differences between the respiratory and genitourinary tract systems. Eor 
C. trachomatis, there is a clear role for THl responses. CD4 h- T cells stimulate 
CD8-I- responses to secrete interferon gamma and to lyse infected cells (see 
ref. 21 for review). The role ofB cells and antibody remains uncertain; however, 
there does appear to be a synergistic effect between B and CD4-H T cells since 
depleting both leaves mice highly susceptible to reinfection. H.-M. Surcel 
provides an overview of immune responses to C. pneumoniae from the innate to 
the specific. The epithelial barrier of the respiratory system is the first signifi- 
cant defense against inhaled pathogens, but C. pneumoniae efficiently attaches 




4 



S. P. OUELLETTE and G. I. BYRNE 



to and is internalized by these cells. The secretion of proinflammatory cytokines 
and recruitment of phagocytes is effected by epithelia. However, macrophages 
may be used to disseminate infection through the circulation. This may also be 
true for T cells; thus the organism seems to exploit the defenses used against 
it. Understanding both the primary and secondary immunological responses to 
this organism is critical for the successful design of vaccines. Rottenberg et al. 
have approached the problem of vaccine design with the aid of the recent se- 
quencing of the organism. Vaccine candidates can be identified and studied 
in appropriate mouse models. However, a significant immunological question 
that must be addressed is the propensity for C. pneumoniae to enter a nonpro- 
ductive growth state. Any successful vaccine strategy must be able to prevent and 
eradicate such cases. 



3. INSIGHTS: RESPIRATORY INFECTIONS 

Upper and lower respiratory tract disease is the most common manifesta- 
tion of symptomatic C. pneumoniae infection. K. Ouchi has discussed the role 
of this organism in respiratory diseases of pediatric patients. Acute infections, 
including atypical pneumonia, in young children are perhaps more common 
than originally thought and can induce wheezing in children with reactive air- 
way disease. Chronic infections in otherwise healthy children make it difficult 
to determine carrier status. Proper diagnosis and treatment methods remain an 
understudied area that requires more input to ensure eradication. Blasi et al. 
complement this analysis by discussing the role of community acquired pneu- 
monia (CAP) caused by the organism, particularly as it relates to coinfections 
and to immunocompromised status. C. pneumoniae is commonly found in CAP 
patients and can lead to more serious disease sequelae when left untreated 
in the presence of other bacterial pathogens. More studies are required to as- 
sess the infection rate in immunocompromised patients. A recurring theme is 
that these infections are difficult to diagnose and treat. 

The association between C. pneumoniae and asthma has gained much cre- 
dence in recent years. D. Hahn has outlined a role for this organism as an 
inducer of asthma. Although there is some disagreement in the medical pro- 
fession vis a vis diagnosing asthma versus chronic bronchitis or emphysema, 
the clinical manifestations such as wheezing, coughing, and shortness of breath 
are endpoints that can be useful in determining lung dysfunction. An intrigu- 
ing theory is that chlamydial infection leads to the establishment of nonatopic 
asthma in some individuals (see ref. 11 for review). Perhaps the most convinc- 
ing data in support of this is the amelioration of symptoms in patients treated 
with antibiotics effective against Chlamydia. Clinical studies have demonstrated 
a more rapid decline in lung function in patients with C. pneumoniae seroreac- 
tivity. Because of the increasing numbers of reactive airway diseases in recent 
decades, the possibility of reversing this trend with antibiotics is an important 
outcome. 
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4. INSIGHTS: CARDIOVASCULAR DISEASE 

Chronic infections with C. pneumoniae and the sequelae with which it has 
been associated could arguably place this bacterium among the most impor- 
tant pathogens in the developed world. The most significant disease state con- 
nected to the organism is atherosclerosis and cardiovascular disease.*^^^^ Ngeh 
and Gupta provide an overview of this association citing the large body of epi- 
demiological studies. This field is highly controversial due in large part to the 
lack of standardized methods between laboratories; for example, there is a va- 
riety of “homebrew” methods currently used for DNA extraction and for sero- 
logical testing. Also, antibiotic treatment studies that have shown inconclusive 
data may need further refinement to better identify those patients who would 
have the greatest benefit. Chlamydia pneumoniae as an agent of myocarditis is 
discussed by Gnarpe and Gnarpe. In spite of the association of this bacterium 
with atherosclerosis, there have been relatively few documented cases of myo-, 
perimyo-, or endocarditis attributed to it. Strain differences and host genetic 
factors may be controlling factors in this disease state. 

Before a causal connection can be made between C. pneumoniae and 
atherosclerosis, pathogenic mechanisms must be defined to support a role for 
this organism in the disease. Ouellette etal. discuss in some detail potential mech- 
anisms for C. pneumoniae to exacerbate or promote lesion development and in- 
stability. Chlamydial virulence determinants include its Hsp60 and lipopolysac- 
charide (LPS). Both of these molecules are capable of inducing changes in 
macrophage biology consistent with proatherogenic events. Furthermore, 
the organism is capable of inducing changes in a variety of cell types at the site 
of lesions. Induction of signaling pathways results in the inappropriate tran- 
scriptional activation of key genes involved in atherogenesis. With the recent 
sequencing of the genome, other genes may be identified as virulence deter- 
minants. Because atherosclerosis is a complicated and slow-developing disease, 
further studies will be required to assess a role for this bacteria and its pathogenic 
mechanisms. 

Establishing a causal linkbetween C. pneumoniae and atherosclerosis would 
be greatly enhanced by the use of an appropriate animal model. I. Fong has 
summarized the status of these studies. Although there are some dissenting 
data, most experimental models of atherosclerosis in hypercholesterolemic mice 
have shown that infection with C. pneumoniaecan enhance the disease. However, 
infection alone is incapable of inducing the pathology, but, consistent with in 
vitro data, infection will lead to inflammation and endothelial dysfunction. In 
rabbits, similar results can be obtained, but early lesions can be induced in 
normal animals although the appearance of such does not precisely resemble the 
human disease. Interestingly, antibiotic treatment of animals can have beneficial 
effects on atherosclerosis when treated early after infection but not at later 
times. 

The burgeoning interest in C. pneumoniae and atherosclerosis has prompted 
the establishment of clinical trials to test the efficacy of antichlamydial dmgs on 
cardiac events. J. Muhlestein gives an overview of the status of these studies. 




6 



S. P. OUELLETTE and G. I. BYRNE 



Although clinical results have been ambiguous, there are several factors that 
may influence the experimental outcome. Only those with significant serolog- 
ical responses to the organism may benefit from therapy: Mahdi et al. recently 
showed a correlation between elevated IgG responses to chlamydial Hsp60 and 
cardiovascular disease. The type of antibiotic used may also have a signifi- 
cant effect. M. Hammerschlag discusses antibiotic treatment options for chlamy- 
dial infections, and such points must be taken in to consideration. In ani- 
mal models azithromycin and rifampin ehcited the greatest eradication, but 
drugs that specifically target a nonproductively growing chlamydia may result in 
greater eradication rates. Finally, because atherosclerosis is a multifactorial dis- 
ease, combination therapies with both an antibiotic (e.g. azithromycin) and 
a cholesterol-lowering agent (statins) may provide the best analysis for this 
association. 



5. COMMENTS ON VARIOUS CHRONIC DISEASES 

Although C. pneumoniae is commonly associated with atherosclerosis and 
asthma, there are several other chronic diseases that may be attributed to the 
organism. Hudson etal. challenge the accepted definition of reactive arthritis. 
Reactive arthritis has traditionally been defined as a sterile immune-mediated 
pathology to bacterial antigens in thejoint after infections in the gastrointestinal 
or urogenital tract. PCR diagnostics have detected a variety of organisms in the 
joint. However, data exist to show that C. trachomatis not only localizes to thejoint 
but is metabolically active. Because C. pneumoniae has the ability to disseminate 
through the bloodstream, it is not surprising that it too has been localized to 
synovial tissue. Further work is necessary to elucidate a pathogenic role for the 
organism in this disease. 

Perhaps some of the more controversial associations with C. pneumoniae 
are those to nervous system diseases, including late-onset Alzheimer’s and mul- 
tiple sclerosis. These diseases are every bit as complicated as atherosclerosis and 
asthma and could quite likely contain pathogen-mediated components. How- 
ever, it remains equally plausible to posit that the presence of the organism in the 
nervous system may be due to its propensity to disseminate through the circula- 
tion rather than as a directed disease-contributing agent. Balin et al. discuss the 
potential for C. pneumoniae to be afactor in late-onset Alzheimer’s. The classical 
risk factors for this disease include atherosclerosis, and C. pneumoniae dissemi- 
nation to the brain may occur following head trauma or by infected monocytes 
crossing the blood-brain barrier. The bacterium has been detected in glial cells 
within the brain of affected patients and may promote dysfunctional activity in 
these cell types, which would result in inflammation. In a mouse model of the 
disease, increased plaque pathology after infection is consistent with that seen 
in Alzheimer’s. Stratton and Sriram discuss the possibility of C. pneumoniae as 
a contributing factor in the etiology of multiple sclerosis. Although there is a 
strong genetic predisposition for this disease, infectious agents may add to the 
heterogeneity of disease phenotypes. A common theme for these diseases is the 
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ability of C. pneumoniae to apparently persist for long durations within cell types 
and elicit low-level inflammatory responses. 



6. CONCLUDING REMARKS 

Advancing the field of C. pneumoniae research will have numerous beneficial 
effects for both the medical and scientific communities. By developing sensitive 
and specific diagnostic tests for C. pneumoniae, infected patients can be reliably 
identified and appropriately treated. These tests must also be standardized as 
there are many laboratories using varied techniques (e.g. DNA isolation). This 
is particularly important in chronic diseases, such as atherosclerosis and asthma, 
with a potential infectious etiology where only a subset of patients may benefit 
from antibiotic therapy. Treatment, therefore, is crucial to reduce the impact 
of such diseases on society. New antimicrobials or antibiotic regimens must be 
developed to better combat persistently growing organisms. This is likely the 
state in which C. pneumoniae can be found in chronic disease sites. The impact 
of acute respiratory diseases must not be overlooked, however, as this is one 
means for the bacteria to enter the host and disseminate to extrapulmonary 
locations. Vaccines would be the best strategy for reducing morbidity if they 
could provide long-lasting immunity. The successful design of a vaccine should 
enlist both B and T cells. Finally, basic research on the biology of C. pneumoniae 
will aid all of these areas by providing new targets for diagnostics, antimicrobials, 
and vaccines. 

With the recent sequencing of three strains of C. pneumoniae,^^^^^^ wc are 
now acquiring the necessary information to facilitate these studies. Combining 
genomic and proteomic analyses, in an effort to link genes with functions, will 
likely yield the most fruitful results. This ubiquitous bacterium is clearly an 
important and complicated emerging pathogen. 
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Morphology of Chlamydia 
pneumoniae 

NAOYUKI MIYASHITA and AKIRA MATSUMOTO 

1. INTRODUCTION 

Chlamydiae, obligate intracellular parasites require host cell biosynthetic ma- 
chinery for several metabolic functions. All chlamydiae multiply through a com- 
mon, unique developmental cycle in which there are two morphologically and 
functionally distinct forms: one is the infectious elementary body (EB) and the 
other is the reproductive reticulate body (RB). Morphologically, EBs have a 
high density and are small in size (0.3 to 0.35 pm in diameter), whereas RBs 
consist of homogeneous internal material and are large in size (0.5 to 2.0 pm in 
diameter). RBs are metabolically active and reproductive, but noninfectious. In 
contrast, EBs are infectious but metabolically inactive, suggesting their adapta- 
tion to an extracellular environment. This unique developmental cycle occurs 
in a membrane-bound cytoplasmic vacuole, termed inclusion. In this chapter, 
we discuss the morphology of Chlamydia pneumoniae as revealed by transmission 
and scanning electron microscopy. 



2. CHLAMYDIAL DEVELOPMENTAL CYCLE 

The central core of the developmental cycle is the alternating and com- 
plementary nature of its distinct developmental forms. Contact with the host 
cell and entry of the EB are the first steps in a complicated interaction be- 
tween the infecting chlamydiae and the invaded host cell. A simplified drawing 
of the basic developmental cycle of C. pneumoniae is presented in Fig. 1, and 
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Elementary body 




FIGURE 1. A line drawing of a generalized Chlamydia pneumoniae dQVQ\o^mQX\.\.a\cyc\Q^. Infec- 
tion begins when an infectious but metabolically inactive EB comes in contact with a host cell 
(a) and is endocytozed (b). The phagocytic vacuole migrates toward the Golgi apparatus, and 
the EB differentiates into a noninfectious but metabolically active RB (c). RB division ensues 
and the inclusion increases in size (d). RBs then begin to reorganize back into EBs, and the 
inclusion grows until it occupies the entire cytoplasm of the infected cell (e). The inclusion 
lyses, the host cell lyses, and EBs are freed to infect another cell. 



electron microscopic images of the in vitro developmental prospect are pre- 
sented in Fig. 2. The initial events in the C. pneumoniae infection are the at- 
tachment of the EB to the host cell by electrostatic interaction, and successive 
association of the EB to the host cell receptor, followed by internalization into 
the host cytoplasm by induction of active phagocytosis. The phagocytic vesicle 
containing the EB migrates toward the Golgi area. In in vivo C. pneumoniae in- 
fection, the EB exhibit affinity for epithelial cells of the mucosal membrane in 
the respiratory tract. When the EB is alive, it prevents lysosomal fusion and per- 
mits replication in the phagosome (inclusion). At about 8 h after infection, the 
EB begins to undergo profound changes in its morphology to form a metaboli- 
cally active RB. Then the resulting RB multiplies by binary fission (Eig. 2a,b). At 
around 36 h after infection, some RBs begin to decrease in size and continue 
to reorganize back into EBs through transitional, intermediate forms until 60 h 
after infection (Eig. 2d,e). Most RBs continue to multiply until the host cell cyto- 
plasm is almost filled by the inclusion, which expands in size concurrently with 
increase of the chlamydial population. The developmental cycle ceases at 72 to 
80 h and the host cell dies, releasing EBs (Fig. 2f) that infect new host cells. 
However, little is known about the mechanism of the bursting of the host cell to 
release progeny organisms. The EB formation observed by electron microscopy 
coincides well with the infectivity kinetics in a one-step growth curve (Fig. 3), in 
which the infectivity rapidly increases from 36 h and reaches a maximum level 
during the next 60 h after infection. 
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FIGURE 2. Electron micrographs of the sequential changes of inclusion development in the 
Chlamydia pneumoniae KKpn-15 strain in HEp-2 cells, (a) 12 h, (b) 24 h, (c) 36 h, (d) 48 h, 
(e) 60 h, and (f) 80 h postinoculation. 



The properties of the inclusion morphology of Chlamydia are summarized 
in Table I. The inclusions of C. pneumoniae are positively stained by immunos- 
taining with a genus-specific monoclonal antibody, but not with iodine. The 
inclusion morphology in susceptible cells, such as HEp-2 cells, closely resem- 
bles that of Chlamydia psittaci and Chlamydia pecorum inclusions, which are oval 
in shape and are stained densely by Giemsa staining. In contrast to Chlamydia 







4 I I t 1 I 

I 12 24 36 48 60 

Adsorption 

Hours 

FIGURE 3. A one-step growth curve of the Chlamydia pneumoniae KKpn-15 strain in HEp-2 cells. 
The infectivity increased sharply from 36 h after infection and the growth rate of C pneumoniae 
is apparently slower than that of other Chlamydia species. 

trachomatis inclusion, C. pneumoniae inclusion does not compress the host nu- 
cleus even though it fills the host cytoplasm. 

Chlamydiae are thought to be “energy parasites” because they obtain ATP 
from their host cells. Positive evidence ofthis hypothesis was provided by direct 
demonstration of use of the host for chlamydial biosynthesis in host-free RBs.^^^ 
However, recent sequence analyses of genomic DNA have identified additional 
genes that may allow chlamydiae to generate at least a minimal amount of their 
own ATP,*^®’’^ ATP-ADP translocases, which exchange ATP and ADP, are essential 
for chlamydial growth. In this regard, the inclusion/mitochondria association 



TABLE I 

Differentiation of Inclusion and EB Morphology 





C. pneumoniae 


C. trachomati% 


C. psittad 


C. pecoTum 


Inclusion morphology 


Oval 


Oval 


Variable 


Variable 


Intrainclusion space 


Dense 


Vacuolar 


Dense 


Den.se 


Glycogen in inclusions 


- 


+ 


- 


- 


Compression of the host nucleus 


- 


+ 


- 


- 


Mitochondrial association 


- 


- 


+ 


+ 


EB morphology 


Pear-shaped, 

round 


Round 


Round 


Round 
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in a cell infected with C. psittaci is quite interesting. This association is so tight 
that mitochondria remain associated with the inclusion membrane even after 
the isolation of inclusions from infected cells.**^ However, mitochondria do not 
associate with inclusions containing C. trachomatis and C . pneumoniae Little 
is known about the mechanism of the association, although many chlamydial 
proteins, termed Inc proteins, have been found in the inclusion membrane of 
cells infected with C. psittaci, C. trachomatis, and C. pneumoniae. 



3. MORPHOLOGY OF EB 

The morphology of EBs has been proposed as one of the criteria for dis- 
tinguishing C. pneumoniae from other chlamydial species.^"’ The EBs of the 
C. pneumoniae TW-183 and AR (TWAR) strains have a wide periplasmic space 
limited by a wavy outer membrane, creating “pear-shaped” profiles in thin sec- 
tions (Eig. 4a,b). In contrast, the EBs of the KKpn strains, which were isolated in 
Kawasaki Medical School Hospital and number from 1 to 18, were found to be 
round in shape with a narrow periplasmic space (Fig. 4c) This morpho- 

logical difference between the TWAR and KKpn strains was also distinct when 
purified EBs of both strains were air-dried and then shadowcast (Fig. 5). KKpn 
EBs have a round “fried egg” appearance that is indistinguishable from the EBs’ 
of other chlamydiae, such as C. trachomatis, C. psittaci, and C. pecorum, but TWAR 
EBs have a pear-shaped morphology with a wide, flat outer membrane, perhaps 
the result of air-drying (Fig. 5) Moreover, Carter eta/. found the EB mor- 
phology of the C. pneumoniae IOL-207 strain to also be round in thin sections. 
Similarly, Popov ef a/. found the EBs of the C.pneMmon/aeKajaani-6 strain to be 
round. These facts, together with the results obtained from our examinations, 
strongly suggest that among all the C. pneumoniae strains the morphology of 
pear-shaped EBs is uncommon. Thus it is likely that the “pear-shape” is not valid 
as a morphological criterion for the differentiation of C. pneumoniae species. 




FIGURE 4. Thin sections of Chlamydia pneumoniae strains in HeLa 229 cells at 60 h after 
infection, (a) TW-183 strain, (b) AR-39 strain, (c) KKpn-15 strain. In the KKpn-15, which was 
isolated in Kawasaki Medical School Hospital, EBs have a narrow periplasmic space and are 
round in shape, whereas TW-183 and AR-39 EBs are enclosed by a wavy outer membrane and 
are pear-shaped in profile. Bars indicate 500 nm. 
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FIGURE 5. Shadowcast of purified EBs of the Chlamydia pneumoniae TW-183 (a) and KKpn-15 
(b) strains. The EBs were air-dried on a smooth-surfaced agar plate, transferred to a specimen 
grid by the pseudoreplica method with collodion, and then shadowcast with Pt-Pd alloy. Bars 
indicate 1 pm. 



Kuo et studied the entry of TWAR organisms into HeLa cells by elec- 
tron microscopy and suggested that the binding mechanism of C. pneumoniae 
TWAR EBs may differ from those of C. trachomatis and C. psittaci, which are 
bound to host cells by a stretch of EB surface in contact with the host cell 
plasma membrane. However, we could find no differences in the physicochem- 
ical and antigenic properties of the pear-shaped and round-shaped EBs in the 
C. pneumoniae species. Therefore, the biological function of the unique wavy 
outer membrane of the TWAR EBs is still unclear. 



4. STRUCTURE OF THE OUTER MEMBRANE 

EBs of all chlamydial species are stable against mechanical agitation, such 
as that from ultrasonic, freeze-thawing, or osmotic shock. To improve this prop- 
erty, EBs can be recovered from infected cells at an extremely high level of 
purity. Peptidoglycan (PG) is an ubiquitous cell wall component that is re- 
sponsible for the rigidity of free-living bacteria. However, no positive evidence for 
the presence of PG and its precursor has been documented by biochemical anal- 
yses of chlamydial organisms, whereas genome sequencing on C. trachomatis 
and C. pneumoniae has revealed virtually complete sets of genes encoding the 
machinery for PG production. The rigidity of C. psittaci, instead, is retained with 
several kinds of cysteine-rich proteins linked by disulfide bondings that con- 
struct a rigid network in the EB outer membrane. This may be supported 
by our biochemical analysis of C. pneumoniae, which showed the presence of 
^^S-labeled proteins at 60, 40, and 9 kDa molecular masses. 

By electron microscopy of the purified EB outer membrane of the C. psittaci 
California 10 (meningopneumonitis) strain, Manire^^^^ first demonstrated 
regularly arranged, hexagonal macromolecular structures approximately 100 A 
in diameter located on the inner surface of the outer membrane and suggested 
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FIGURE 6. Negatively stained (a) and shadowcast images (c) of EB outer membranes isolated 
from purified EBs of the Chlamydia pneumoniae KK.pn-15 strain, (b) Higher magnification ob- 
tained from the micrograph shown in (a). The hexagonal structure seen throughout the outer 
membrane (a) is seen only on the inner face (c). Bars indicate 200 nm. 

that these structures are responsible for the rigidity of the EB outer membranes 
against mechanical agitation. An identical structure, termed hexagonally ar- 
rayed structure (HAS), was partially seen only on the partially exposed inner 
surface of the outer membrane of the C. pneumoniae EB when prepared by the 
shadowcasting technique (Fig. 6) However, the HAS was evident all over the 
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FIGURE 7. Image processing of the hexagonal structures in the outer membrane of Chlamydia 
pneumoniae KKpn-15 EB. (a) Diffraction spots obtained by Fourier transformation from the 
original micrograph shown in Fig. 6b; (b) Image reconstituted by inverse Fourier transforma- 
tion from the six spots of the diffraction shown in Fig 7a. 



outer membrane when stained negatively because of penetration of the staining 
solution into the outer membranes, indicating that the whole inner layer of EB 
outer membrane is composed of HAS (Fig. 6). To determine the periodicity 
of the HAS, the computer Fourier transformation was applied to outer mem- 
branes stained negatively (Fig. 7). The result obtained demonstrated that the 
EB outer membrane was composed of three structural units with dimensions 
of 176, 90 and 50 A respectively. When an image was reconstituted using only 
spots showing 176 A periodicity by the inverse Fourier transformation, a dis- 
tinct HAS image was obtained (Fig. 7b), suggesting strongly that the periodicity 
of the HAS in the C. pneumoniae EB outer membrane is 176 A. Using such a 
procedure, the HAS dimensions of other chlamydiae can be determined. Our 
results are summarized in Table II. The imperceptible differences in the values 
listed are likely to be meaningless if the dimensional aberration caused by a 
mechanical aberration in the electron microscope is considered in the compar- 
ison of HAS periodicity. This led us to conclude that the basic macromolecu- 
lar structure, HAS, in the inner layer of the EB outer membrane is common 
to all members of the genus Chlamydia. Applying the EnvA-EnvB network in 
the C. psittaci outer membrane*^^^^ to the HAS architecture is an attractive pos- 
sibility, but no clear evidence showing correlation of that rigid network and 
HAS in the outer membrane of C. pneumoniae EB has been found. Although 
a structural unit with 50 A periodicity appeared to be similar to one with 60 
A periodicity that was considered to be composed of fine particles consisting 
of the outermost surface layer of the C. psittaci EB outer membrane, little is 
known about this unit, or one with 90 A periodicity, in the outer membrane of 
C. pneumoniae. 
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TABLE n 



Comparison of Periodicity in Chlamydial Species 



Species 


Strain 


Mean periodicity ± SD (A )“ 


C. pneumoniae 






Round shape 


KKpn-1 


176 ± 7 




KKpn-15 


179 ±8 




KKpn-16 


178 ±8 




IOL-207 


177 ± 7 




Kajaani-6 


178 ± 6 




YK-41 


176 ±8 


Pear shape 


TW'-183 


173 ±7 




AR-39 


174 ±8 




AR-388 


173 ±8 


C. trachomatis 


DAA\'-3/Cx 


177 ±8 




L2/434/BU 


176 ± 7 


C. psittaci 


Frt-Hu/Cal 10 


175 ±8 



" Periodicity measured from center to center by Fourier transform. 



C. psittaci RB outer membranes can also be recovered in high purity from 
purified The outer membranes are normally composed of fine particles 

about 50 A in diameter. Some RB outer membranes showing HAS identical to 
that of the EB outer membrane were seen in a limited area.*^^^^ Such partial HAS 
were only occasionally encountered in negative-stained preparations. However, 
these partial HAS progressively disappeared during multiplication, indicating 
that the HAS in outer membranes are carried over from the infected EB, but are 
not newly synthesized in RBs. Although no evidence has been reported on the 
C. pneumoniae RB outer membrane, its morphology seems to be identical with 
that of the C. psittaci RB outer membrane on the basis of such physicochemical 
properties as its fragility to mechanical agitation and protein composition. 

The diameter of EBs in thin sections is approximately 0.3 pm, smaller than 
that of RBs, which range from 0.5 to, occasionally, more than 1 pm in diameter. 
This means that the area of each RB outer membrane should be diminished 
by less than one-third to form the EB outer membrane at the final stage of 
multiplication. Although little is known about the mechanism of outer mem- 
brane reorganization, it has been speculated that there are two mechanisms: 
one is reduction due to the formation of a rigid network by the disulfide bond- 
ing connecting cysteine-rich proteins and the other is exclusion of excess outer 
membrane from the RBs. Figure 8 shows an inclusion containing chlamydial 
bodies of a KKpn-8-1 clone that was recently established by the plaque cloning 
technique. Many small vesicles, ranging from 50 to 100 nm in diameter, bud- 
ding from the surface of RBs and floating in the inclusion space, are clearly 
seen. From these observations, it may be possible to speculate that RBs decrease 
their size by pinching off their excess outer membrane to form EBs and that 
although small vesicle formation occurs slowly in this C. pneumoniae clone, it 
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FIGURE 8. Inclusion of the cloned Chlamydia pneumoniae KKpn-8-1 strain. Many small vesicles, 
ranging from 50 to 100 nm in diameter, budding from the surface of RBs and floating in the 
inclusion space are clearly seen. 



normally occurs so rapidly that budding of the RB outer membrane is hard to 
observe in ordinary strains of chlamydiae. In addition, we speculate that the 
outer membrane of the pear-shaped EB is formed prior to extrusion of the 
excess ofRB outer membrane by budding, resulting in the formation of a baggy 
outer membrane in each EB. 



5. SURFACE PROJECTIONS AND RELATED STRUCTURES 

Despite the difference in the shape of the C. pneumoniae EBs, their basic 
morphology is identical. Each EB has a dense nucleus in an eccentric region 
and cytoplasm that contains ribosomes, moderately dense particles, and amor- 
phous material. These components are tightly enclosed within a cytoplasmic 
membrane so that the cytoplasm is seen to be round in shape in both the round 
and pear-shaped EBs of C. pneumoniae, and this results in the formation ofa “cyto- 
plasmic body” and a wide, less dense periplasmic space (Fig. 4). The periplasmic 
space in the round-shaped EBs of C. pneumoniae is seen to be wider than that in 
the EBs of C. trachomatis and C. psittaci. Interestingly, the cytoplasmic body tends 
to be associated closely with the outer membrane at a site far from the nucleus. 
This image strongly suggests that the association of the cytoplasmic body and 
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FIGURE 9. Scanning electron micrographs of EBs of Chlamydia pneumoniae KKpn-15 (a) and 
AR-39 (b). Both micrographs show hexagonally arrayed projections in a limited area of the 
surface. Bars indicate 300 nm. 



outer membrane is mediated by surface projections, but these projections have 
not been visualized because of inadequate opacity in thin sections prepared by 
ordinary procedures. This supposition is supported by evidence that the projec- 
tions are located in a group on a limited surface area (Fig. 9) and that one end 
of each projection is fitted into the cytoplasmic membrane, while the other end 
protrudes beyond the outer membrane. 

By the freeze-replica technique, in situ inclusions at the late stage of multi- 
plication are visualized as convex and concave faces (Fig. 10). Button structures 
or craters have been noted in some concave faces (Fig. 10, arrowheads). 
Their morphology and distribution pattern are quite similar to those observed 
in C. psittaci EBs. The direct correlation between the craters and projections 
has been confirmed. 

When the inclusion membrane is exposed by the freeze-replica technique, 
several groups of fine particles, which are arranged hexagonally with a spacing 
of approximately 50 nm, are encountered (Fig. 11, arrowheads). These are quite 
similar to the ones observed on the surface of inclusions containing C. psittaci 
organisms at a stage ofRB multiplication.*'^ The C. pneumoniae^Jis frequently 
make contact with the inclusion membrane, where a comb-like structure, per- 
haps consisting of projections, is evident (Fig. 11). It is, therefore, likely that the 
fine particles seen on the surface of the inclusion membrane are RB projections 
which pierce the inclusion membrane, resulting in a direct connection to the 
host cytoplasm. 





FIGURE 10. Freeze-replica images of in situ chlamydial bodies and inclusion members of the 
Chlamydia pneumoniae KKpn-15 strain at 60 h after infection. Chlamydial bodies are cleaved 
into convex or concave faces. Many B structures are seen (arrowheads). Bars indicate I pm. 




FIGURE 11. Freeze-replica images of an in situ chlamydial inclusion membrane containing 
the Chlamydia pneumoniae. KKpn-15 strain at 60 h after infection. Fine particles in groups are 
indicated by arrowheads. The face is rugged over the RB outline (inset). Bars indicate 1 pm. 
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It was recently proposed that these projections may function in the se- 
cretion of proteins from developing RBs, possibly through a type III secretion 
mechanism/^’^ Hsia et demonstrated that C. psittaci and C. trachomatis 
encode proteins that likely participate in a type III secretion pathway, and that 
the structure of the surface projections resembles the base of a flagellar assem- 
bly, as well as the structures in Salmonella/^®' It is likely that the chlamydiae 
use an alternate secretory pathway, a type III secretion pathway. The surface 
projections are, therefore, possible candidates for that function. Although their 
actual function remains to be elucidated, it is reasonable to propose that the 
surface projections are involved in some aspect of the interaction between the 
intracellular environment and the infecting EBs and/or developing RBs. 



6. PERSISTENT INEECHON AND ABERRANT EORMS 

C. pneumoniae is regarded as a common cause of respiratory tract infec- 
tions and it can cause prolonged or chronic infections which may be due to 
persistence for months or years. These persistent infections have been 
implicated in the development of a number of chronic diseases including 
atherosclerosis, asthma, and obstructive pulmonary diseases (see other chap- 
ter) . These persistent chlamydial infections can be established in vitro using 
several methods involving cytokines, antibiotics,'^^’^®' and deprivation of 
certain nutrients.'^®' Despite differences in treatment, chlamydiae respond to 
form inclusions containing atypical RBs, which occasionally have been shown 
to be pleomorphic forms, termed aberrant bodies (ABs). The ABs are gener- 
ally larger in diameter than typical RBs, and display a sparse densinometric 
appearance (Fig. 12). No evidence of redifferentiation into EBs has been docu- 
mented. However, when the growth inhibitory factors are removed, the ABs can 
be restored to normal RBs, which reorganize infectious EBs. 

Beatty et demonstrated that treatment with gamma interferon 

(IFN-y) inhibited the intracellular growth of C. trachomatis. IFN-y restricted the 
division of RBs and interrupted their differentiation into infectious EBs. In this 
cases, the development of large aberrant RB forms along with the absence of EBs 
is characteristic of persistent C. trachomatis infection. Aberrant chlamydial de- 
velopment is also concomitant with decreased levels of major outer membrane 
protein (MOMP), 60-kDa outer membrane protein and lipopolysaccharide. 
Ultrastructural examinations of persistent C. pneumoniae'mfe.ct\on induced with 
IFN-yhave alsobeen described. Pantoja et demonstrated that C. pneumoniae 

inclusions that formed in the presence of IFN-y did not contain any typical EB 
or RB in morphology, but instead contained only organisms with pleomorphic, 
RB-like structures ofvarious sizes. Mathews et also described the morphol- 
ogy of C. pneumoniae AiBs in a persistent state induced IFN-y. Interestingly, the 
morphology of chlamydial organisms varied depending on the concentration 
of IFN-y. Recently, Mathews et reported that C. pneumoniae upregulates 
the transcription of specific genes, such as ompA, ompB, pyk, nlpD, and Cpn0585, 
in response to IFN-y treatment. This indicates the existence of an altered host 
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FIGURE 12. Aberrant RB forms produced during culture of the Chlamydia pneumoniae 
KKpn-15 strain in the presence of ampicillin. A thin section of ampicillin-treated, infected 
cells fixed 60 h after infection. Large and abnormal RBs are seen in inclusions. Bars indicate 
1 ^im. 



cell environment in which a condition of nutritional stress has been created so 
that the C. pneumoniae organisms fall into a persistent state. 

Treatment with antibiotics, such as penicillin and cycloserine, induces the 
formation of abnormally enlarged RBs. When cells having inclusions contain- 
ing such large RBs are transferred into penicillin-free culture medium, normal 
RBs are restored and then infectious EBs are produced. Other antibiotics 
have also been reported to induce abnormal chlamydial development. Dreses- 
Werringlore et found that ciprofloxacin and ofloxacin at the minimal 

chlamydiacydal concentration induced persistent infection and that the expres- 
sion of MOMP was significantly decreased while the production of Hsp 60 and 
chlamydial lipopoly saccharide was minimally affected. Removal ofciprofloxacin 
from the cell culture 10 or 14 days after infection reversed the effect, allowing 
differentiation of the persistent chlamydiae into infectious EBs. C. pneumoniae 
persistence is also induced by ampicillin. The RBs formed with ampicillin are 
abnormally large in size and appear to undergo little or no cell division.*"*®* 

In general, it is likely that this aberrant developmental step leads to the 
persistence of viable but nonculturable chlamydiae within infected cells over 
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long periods/"^*^ Removal of several stress factors described above results in the 
condensation of nuclei, the appearance of late proteins, and the production 
of viable, infectious Most of the major sequelae of chlamydial disease 

are thought to arise from either repeated or persistent chlamydial infection of 
an individual. The persistence would allow constant presentation to the indi- 
vidual immune response of these potentially deleterious immune targets. 
Since repeated infection can certainly be documented in many clinical settings, 
persistence is thought to also play a role. 



7. SUMMARY 

On the basis of our electron microscopic examinations, here we have made 
diagrams of the round- and pear-shaped EBs of C. pneumoniae, as shown in Fig. 13. 
These are quite similar to the diagram of C. psittaci EB previously proposed by 
Matsumoto.*^*^ Despite the difference between the round- and pear-shaped EBs 
in the sectioned profile, the basic morphology at the electron microscopic level 
in both EBs is obviously identical. The surface projections, the function of which 
has recently been identified, are arranged in a group and are distributed on the 
surface far from the nucleus, which is normally located in an eccentric region 
in the “cytoplasmic body.” One end of each projection fits into the cytoplasmic 
membrane while the other end of the projection protrudes beyond the outer 
membrane. Although no distinct evidence has been obtained, DNA fibers may 
bind to the cytoplasmic membrane site where the projections are connected as 
seen in C. psittaci EBs. The connection between DNA fibers and the cytoplasmic 




FIGURE 13. Diagrammatic representation of the morphology of the round (a) and pear- 
shaped (b) EBs of Chlamydia pneumoniae. 
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membrane disappeared with trypsin treatment in C. psittaci EBs, suggesting that 
the DNA molecule was not bound directly, but through a component sensitive 
to trypsin. 

In isolated C. psittaci inclusions, the RBs close to the inclusion membrane 
are closely connected to the inside surface of the inclusion membrane by means 
of the projections, which appeared to pierce the inclusion membrane. Inter- 
estingly, the arrangement of these projections in a hexagonal pattern was also 
observed on inclusion surfaces exposed by the freeze-replica technique, sug- 
gesting strongly that the C. pneumoniae RBs also connect directly with the host 
cytoplasm through these projections. This evidence evokes a subject of deep in- 
terest in the function of the projections, in special reference to the host-parasite 
relationship during chlamydial multiplication. 
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1. INTRODUCTION 

Chlamydiae are obligate intercellular bacteria with a biphasic developmental 
cycle in which they alternate between the infectious extracellular and metabol- 
ically inactive form, the elementary body (EB), and the intracellular, metaboli- 
cally active replicating form, the reticulate body (RB). EB are small tight bodies 
with a diameter of 300 nm, which can attach to susceptible host cells and in- 
duce their uptake by endocytosis. Within the cytoplasm of the host cell, chlamy- 
diae are localized within a phagosome, the Chlamydia inclusion, surrounded 
by the inclusion membrane, which does not fuse with lysosomes. Chlamydiae 
stay within the phagosome during their entire intracellular life. Shortly after 
uptake, EBs transform to RBs, which are larger than EBs (1 pm in diame- 
ter). They divide by binary fission and after a specific amount of time RBs 
transform to EBs. This is accompanied by the synthesis of the late phase pro- 
teins, the DNA-binding protein Hcl and the two cysteine-rich outer mem- 
brane proteins Omp2 and Omp3. After approximately 72 h RB transform to 
EB. At the end of this process the inclusion bursts, releasing the infectious 
EB.<^> 

Attachment of Chlamydia pneumoniae EB is primarily to the epithelial cells 
of the human respiratory tract;*^^' however, the mechanism is not known. At the 
surface of C. pneumoniaeEB the lipopolysaccharide molecule carrying the com- 
mon, genus-specific EPS epitope, is present. Proteins covering the EB surface are 
folded in a complicated manner, leaving no linear epitopes at the surface. 
The chlamydial major outer membrane protein MOMP, which is the major 
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constituent of the Chlamydia trachomatis surface, has a conformational epitope 
on MOMP trimers present at the surface,^''* but a family of polymorphic pro- 
teins (Pmps) are the major constituents of the C. pneMmom'ae outer membrane 
complex (COMC) and cover the C. pneumoniae 

The primary site of human infection with C. pneumoniae is the upper 
respiratory tract, but severe cases of pneumonia with long recovery are also 
seen/^^ In experimentally infected mice C. pneumoniae inclusions are seen 
in the bronchial epithelial cells, and probably these cells can also be in- 
fected during human pneumonia. C. pneumoniae can also multiply in alveolar 
macrophages and C. pneumoniae DNA has been found by PCR in human blood 
monocytes. Infection of blood monocytes induces differentiation of mono- 
cytes into macrophages.*^^ When rabbits are infected, C. pneumoniae is capable 
of multiplying in endothelial cells, resulting in activation of growth factors and 
intimal thickening,*®* indicating that C. pneumoniae may play a role in the devel- 
opment of atherosclerosis.*®* 



2. ULTRASTRUCTURE OF Chlamydia EB AND RB 

Electron microscopy of infected cell cultures reveals both the localization 
and structure of the inclusion and the size and shape ofRB and EB. Thin section 
of the developing inclusion shows that RB are spherical bodies surrounded by a 
double-layered membrane characteristic of bacteria. EB seen late in the devel- 
opmental cycle are small, with a condensed nucleoid. EB of the C. pneumoniae 
TWAR strain can be pear-shaped with a wide periplasmic space***** but other 
C. pneumoniae isolates are round. The inner layer of the EB cell wall is composed 
of hexagonal arrayed structures estimated to have a periodicity of 10-20 nm, 
and a granular outer layer. Erom the surface of both RB and EB envelopes 
cylindrical spike-like surface projections protrude that on RB connect the RB 
with the inclusion membrane. Such projections are present both on RB and EB 
but are more numerous on the RB.***** Freeze-replica preparations of infected 
cells examined by electron microscopy reveal fine particles grouped together at 
several areas on the convex side of the inclusion membrane, suggesting direct 
connection between the RB and the inclusion membrane and the possibility 
that RB through the projections are in direct contact with the host cytoplasm. 



3. COMPONENTS RESPONSIBLE FOR THE STRUCTURAL 
APPEARANCE 

Because of the lack of tools for genetic manipulation of chlamydiae it is 
important to be able to study subtractions of the microorganism. The sarcosyl- 
insoluble chlamydial outer membrane complex (COMC)**** can be used to 
identify components responsible for the structural appearance, and electron 
microscopy of purified COMC shows that the shape of EB is maintained (Fig. 1). 
SDS-PAGE and immunoblotting have shown that C. pneumoniae COMC contains 
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LPS, MOMP, Omp2, and Omp3 cysteine-rich proteins of 60 and 12.5 kDa, 
respectively. In addition, proteins with the size of 90-100 kDa were found. 
These proteins are identified to belong to a family of proteins named polymor- 
phic outer membrane proteins (Pmps).^^' 



4. PHYSICAL LOCALIZATION OF THE COMPONENTS 

Physical localization of the components can be studied by immunoelec- 
tron microscopy. Such studies show that LPS is surface localized both at the 
EB and RB of C. pneumoniae}^^^ MOMP, which in C. trachomatis is surface local- 
ized in close association with LPS,*^'"^^ was found not to be surface localized in 
C. pneumoniae but recently Wolf et a/. ^“^Hdentified conformational surface ex- 
posed epitopes on C. pneumoniae MOMP. It is suggested that the late-synthesized 
Omp2 is the structural element for the hexagonally arrayed structures seen at 
the inner surface of COMC. As suggested by Hatch,*^*®' immunoelectron mi- 
croscopy of COMC, in which disulfide bonds were reduced by DTT, showed 
that Omp2 was present at the inner surface, in agreement with its localization 
in the periplasmic space.*^*^^ Whether this is the case in C. pneumoniae remains 
to be determined. Omp3, which also is synthesized late in the developmen- 
tal cycle, is a lipoprotein, which may be linked to Omp2 by disulfide cross- 
linking and to the outer membrane by its lipid anchor.*^'®^ In C. pneumoniae 
Pmps are shown to be surface localized.*^^^ A model of the membrane struc- 
ture is shown in Fig. 2. The inner membrane is seen as a lipid bilayer. In the 




FIGURE 1. Electron microscopy of C. pneumoniae COMC stained with 1 % ammonium molyb- 
date. The diameter of COMC is 300 nm. 
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FIGURE 2. Schematic drawing of the hypothetical structure of the C. pneumoniae membrane 
modified from refs. 16 and 26. 

periplasmic space Omp2 is seen connected to Omp3. The structure of COMC is 
complex, with LPS, Ppm, spike-like structures, and MOMP trimers being surface 
exposed. 



5. CHLAMYDIA GENOMES 

Sequencing of Chlamydia genomes has provided new means to analyze the 
molecular and structural biology of Chlamydia. There are now published five 
complete genome sequences: for C. trachomatisH}^^^ C. trachomatis MoPn,*^'®* 
and C. pneumoniae CWL029,^^°^ J138,^^*^ and AR39.*^*^* Chlamydia is, the microbe 
with most sequenced genomes. This has greatly expanded the information 
concerning the biology of these obligate intracellular pathogens. In addi- 
tion to provide information on all potential protein products, the genome 
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sequences unexpectedly identified several classes of pntative proteins relevant 
forunderstanding the structure ofchlamydiae. Chlamydiagenomes are small and 
show striking similarity (1.230.230 nncleotides in C. pneumoniae CWL029, and 
1.042.519 in C. trachomatis D). In C. trachomatis, 214 of the C. pneumoniae CWL029 
protein-coding sequences are not found, most with no homology to known se- 
quences. The C. pneumoniae genome has the capacity to encode 1052 proteins, 
of which genes are found that encode enzymes for essential functions such as 
DNA replication, repair, transcription, and translation, enzymes that function 
in aerobic respiration and enzymes central in the glycolytic pathway. Chlamy- 
diae are described as “energy parasites” becanse they import ATP from the host 
cell. It was therefore snrprising that the genome contained genes for phospho- 
glycerate kinase, pyruvate kinase, and snccinate thiokinase. There are also genes 
encoding enzymes of fatty acid and phospholipid biosynthesis bnt only few genes 
involved in amino acid biosynthesis, and no genes for purine and pyrimidine de 
novo synthesis except for the synthesis of cytosine triphosphate. It is nnknown 
how chlamydiae obtain nutrients from the inclnsion, but genes for membrane 
transport systems, including ABC transporters for amino acids, oligopeptides, 
and ions are found. Special attention shonld be given to the large family of 
genes encoding the Pmp proteins, the Inc proteins, and genes encoding type 
III secretion systems, which will be described later. 

Chlamydia genomes are very stable. Divergence between the genomes of 
C. trachomatis D and C. pneumoniae CWL029 was analyzed by Dalevi et alP^^ 
They fonnd no examples of horizontal gene transfer, no evidence for an exces- 
sive number of tandem gene duplications, and approximately 60 events (mostly 
inversions and transpositions) were reqnired for converting the gene order 
stractnre of one genome to the other. C. pneumoniae CWL029 and C. pneumoniae 
J138 are also very similar, C. pneumoniae J138 being 3665 nncleotides shorter 
than C. pneumoniae CWL029‘^^^' with five DNA segments being absent from and 
three being present in C. pneumoniae J138. The C. pneumoniae AR39 chromo- 
some is nearly identical to that of C. pneumoniae CWL029, with only a few small 
deletions and approximately 300 single nucleotide polymorphisms separating 
the two genomes. But the C. pneumoniae AR39 includes a sequence encoding a 
novel infecting bacteriophage*^*®^; that seems to be nncommon among isolates, 
bnt phagecontaining isolates may commonly infect individuals with vascular 
disease.*^^* 



6. THE C. pneumoniae PROTEOME 

A genome provides important nnderstanding of the biological potential 
of an organism, but the genome is static and gives no information on regnla- 
tion of particular genes or on posttranslational modification of gene products. 
The actual protein content of any compartment of the organism is dynamic, 
and proteins may be processed in varions ways. By separation of proteins by two- 
dimensional (2D) gel electrophoresis and identification ofprotein spots by mass 
spectrometry (MS) protein composition of RB, EB, and COMC can be stndied. 
The protein spots are visualized by silver staining or by radioactive labeling of 
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the proteins. To study intracellular growth of chlamydiae, cycloheximide, which 
efficiently blocks eukaryotic protein synthesis, is added to the labeling medium 
to restrict labeling to chlamydial proteins. Such labeling allows visualization of 
the labeled spots on the eukaryotic background. By pulse labeling at different 
time points it is possible to study protein synthesis over time during the de- 
velopmental cycle, and by pulse-chase analysis the turnover of proteins can be 
determined. 

To generate a proteome reference map of C. pneumoniae EB, Vandahl 
et identified 263 proteins encoded from 167 chlamydial genes in the 
pH range from 3 to 11. The identified proteins were mostly products of house- 
keeping genes with homology to genes in other organisms, but 31 were so- 
called hypothetical proteins encoded by reading frames showing no homology 
to known proteins in other organisms. Among the products were key compo- 
nents of a type III secretion system, and members of the Pmp family (Fig. 3). 

A new aspect of proteome analysis of C. pneumoniae is the development of a 
tool for identification of secreted proteins. It is not possible to isolate the cyto- 
plasm of Chlamydia-mfecied cells without contamination by chlamydial proteins 




FIGURE 3. Silverstained two-dimensional gel of proteins from purified elementary body of 
Chlamydia pneumoniae cultivated in HEp-2 cells and harvested at 72 h postinfection. The posi- 
tion of horizontal rows of different isoforms of Pmp8 and Pmp 10 are marked. An immobilized 
nonlinear pH gradient (pH 3-10) was used for isoelectrical focusing in the first dimension. 
The gel for second dimension was a 9-16% polyacrylamide SDS gel. Gels of radio-labeled 
chlamydiae in various pG intervals can be found at http://www.gram.au.dk. 
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form disrupted inclusions and RB. A way to circumvent such contamination is to 
subtract the 2D protein profile of purified EB and RB from that of chlamydial 
proteins present in total lysates of infected cells. The remaining proteins are 
likely to be secreted from chlamydiae into the host cell, or into the inclusion 
membrane. The suitability of this technique was demonstrated by the identi- 
fication of the N- and C-terminal fragments of CPAF from C. pneumoniae and 
C. trachomatis A, D, and L2 in whole lysates of infected cells but not in purified 
EB or RB.^^^^ In this study it was also demonstrated how the turnover ofproteins 
can be followed over time by proteome analysis by pulse-chase studies. Proteome 
reference maps of C. pneumoniae and C. trachomatis A, D, and L2 are available at 
http://www.gram.au.dk. 



7. THE Pmp GENE FAMILY 

All Chlamydia species harbor a family of distantly related pomp/pmp genes. 
The genes encode polymorphic membrane proteins whose function is unknown. 
Genome sequencing*^^°' revealed the presence of 21 such genes in C. pneumo- 
niae CWL029 (most of the genes are located in two genomic clusters whereas 
the remaining genes are found as a pair and a single gene at different genomic 
localizations). Sixteen of the 21 genes were full length genes whereas one was 
truncated and 4 had small insertions or deletions that caused a premature stop. 
Most of the genes had a leader sequence with a cleavage site for signal peptidase I, 
but two of the genes, Pmp 1 0 and Pmp 1 1 differed from the others by having a 
cleavage site for signal peptidase II, indicating that these proteins probably were 
lipid modified. The first identification of expressed C. pneumoniae Pmp pro- 
teins was by Knudsen eta/., who identified pmpl, 2, 10 and 11 in an expression 
library with antibodies raised to denatured C. pneumoniae COMC. Antibodies to 
recombinant Pmp 10 and 11 were used in immunofluorescence microscopy of 
C. pneumoniae-initcied Hep2 cells. Antibodies to Pmp 11 stained all inclusions 
but antibodies to Pmp 10 stained only some of the inclusions,^^^ indicating that 
Pmp 10 is differentially expressed. The gene encoding Pmp 10 is transcribed in 
the opposite reading direction of the other pmp genes present in the two ge- 
nomic clusters, and thepmp 1 Ogene is the onlypmpgene with a poly-G tract within 
the open reading frame. Pedersen et alP^ sequenced a number of clones con- 
taining the poly-G tract of thsPmp 1 Ogene. The number of G-residues differed, 
and only 14 guanosine residues represented a correct open reading frame. From 
the sequenced genomes 14 guanosine residues were found in C. pneumoniae 
AR39 whereas 13 were found in CWL029. In TW183 Pmp 10 was also expressed 
but here the number of guanosine residues was 11. Switching may be caused 
by a frequent change of the number of guanosine residues within the poly-G 
tract. 

The genome sequence identified the Pmp gene family, but evidence for 
expression of C. pneumoniaePmps came from the proteome analysis by V andahl 
et By separation of the C. pneumoniae EB proteins by 2D-PAGE, 10 of 

the 21 Pmps were identified (Pmp2, 6, 7, 8, 10, 11, 13, 14, 20, and 21). Pmp2, 
6, 7, 8, 10, 11, 13, and 14 were investigated with respect to time-dependent 
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expression by pulsed labelling and all were found to be heavily upregulated be- 
tween 36 and 48 h postinfection at the time of conversion from RB to EB . Pmp8 
and PmplO are the Pmps expressed in the greatest amount when analyzed for 
spot intensity in autoradiographs. Three of the Pmps (Pmp6, 20, and 21) were 
cleaved, in agreement with the similarity to autotransporter proteins. Anti- 
bodies against Pmp6, 8, 10, and 1 1 reacted in immunofluorescence microscopy 
after formalin fixation of infected cell cultures, and it is therefore likely that 
they are surface exposed.^^®^ A partwise characterization of the C. pneumoniae 
COMC by proteome analysis showed the Pmps to be the major constituent of 
this complex. 



8. Pmp STRUCTURE 

The C. pneumoniae pmp gene family is a heterogeneous group of genes with 
low identity but common characteristics. The majority of the genes have the 
capacity to encode proteins with sizes 90-100 kDa, and they resemble members 
of the autotransporterfamily.*^^^* Analysis of the C-terminal part of the proteins 
showed that full length proteins ended with an amphipatic beta-sheet and a 
terminal phenylalanine residue. In addition, the program AMPHI^^®^ predicted 
the C-terminal part of the proteins to form a transmembranic beta-barrel,^^^* 
supposed to be used for translocation of the N-terminal part of the protein to 
the chlamydial surface (Fig. 2). This is in agreement with the finding that it is 
the N-terminal part of the Chlamydia psittaci Pomp molecules that are surface 
exposed.*^^®^ Another characteristic is the presence of repeats of the amino acid 
motif GGAI and FXXN in the N-terminal part of the proteins. Use of common 
prediction programs did not reveal any characteristic patterns for the N-terminal 
part of the Pmp proteins. A newly described program, BETAWRAP,^^** uses 
beta-strand interactions to detect proteins that may form a structure of paral- 
lel right-handed beta-helices. Such proteins fold into an elongated triangular 
prism shape where amino acid residues that are close in space in the folded 
protein are far apart in the extended form. BETAWRAP identified a high num- 
ber of protein sequences of virulence factors from bacterial pathogens such 
as toxins, adhesins, and surface proteins including Chlamydia Pmps. Birkelund 
et alP^^ used bioinformatics to further analyze the C. pneumoniae Pmps and 
found support for these to elicit the structure of parallel beta-helices (Fig. 2). 
This is in agreement with the lack of linear epitopes at the C. pneumoniae 
surface. 



9. TYPE m SECRETION SYSTEM 

Surface projections are seen on all Chlamydia species. The projections ex- 
tend through holes in the outer membrane and protrude from the surface of the 
chlamydiae. They have a physical resemblance to the Type III secretion appara- 
tus found in other bacteria. The genome sequence identified a complete set of 
genes with homology to the type III secretion system both in C. trachomatis and 




CELL AND MOLECULAR BIOLOGY OE C. pneumoniae 



37 



in C. pneumoniaey^’^^^ The genes were first identified in C. psittaci}^^^ md Bavoil 
and Hsia*^^"^* speculated that the projections represent a type III secretion system 
(Fig. 2). Analysis of the C. pneumoniae EB proteome demonstrated that members 
of the Type III secretion system were present.^^"*^ A hypothetical structure of the 
chlamydial Type III secretion apparatus was presented by Rockey etal.,^^^^ who 
suggested YcsC to be anchored in the chlamydial outer membrane (Fig. 2). In 
agreement with this model Vandahl et identified YscC in C. pneumoniae 
COMC proteome, but not YscL, YscN, and LcrE, the other Type III secretion 
system proteins identified in EB. These proteins are supposed to be localized in 
the chlamydial cytosol, the inner membrane, and in contact with the host cells 
(Fig. 2). There is no direct evidence for the protrusions to be constituted by 
the type III gene products but it is likely that they are. Since these are found to 
penetrate through the inclusion membrane it is likely that they are providing 
contact with the outer of the inclusion. Such contact may serve as a channel by 
which secreted proteins get access to the environment outside the chlamydial 
inclusion, where they may serve as regulators of host cell transcription, ofvesicle 
transport, and as inhibitors of fusion of the chlamydial inclusion with host cell 
lysosomes. The projections may also serve as a communication system within 
the inclusion, leading to differentiation of RB to EB late in the developmental 
cycle. 



10. SECRETED PROTEINS 

The first demonstration of a secreted protein came from Rockey et alP^^ To 
identify proteins specific for the intracellular phase of the developmental cycle 
they screened an expression library of C. piiffac/DNAwith a convalescent semm 
from infected animals and a hyperimmune antiserum against formalin-killed pu- 
rified EB . They identified and sequenced a clone that was recognized only by the 
convalescent serum and produced an antiserum to the recombinant protein. 
By immunofluorescence microscopy they found that the protein was present 
in the inclusion membrane and therefore named IncA for inclusion mem- 
brane protein. IncA is also present in the C. pneumoniae inclusion membrane 
(Fig. 4). 

IncA has a characteristic secondary structure with a long bilobed hydropho- 
bic region present in amino acids 65-116.*^^®^ This motif was found in 46 poten- 
tial members of inclusion membrane proteins in the C. trachomatis genome. 
Searching the C. pneumoniae genome revealed an even higher number of hy- 
pothetical Inc proteins. Several of these had homology to genes found in 
C. trachomatis but over half of the genes in each species had no homology to the 
genes in the other species. The potential for chlamydiae to export such a high 
number of Incs to the inclusion membrane generates the possibility that the in- 
clusion membrane can serve functions as inclusion development, avoidance of 
lysosomal fusion, nutrient acquisition, signaling associated with EB-RB-EB re- 
organization and vesicle trafficking. How the Incs are secreted and transported 
to the inclusion membrane and whether this is done by the Type III secretion 
system remains to be determined. Subtil et alP^^ used a heterologous expression 
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FIGURE 4. Immunofluorescence microscopy of Hep2 cells infected for 48 h with C pneumoniae 
cultivated on coverslips. After methanol fixation the sample was incubated with a monoclonal 
antibody recognizing the C pneumoniae surface^^’^^^ and a polyclonal antibody raised against 
recombinant C. pneumoniae IncA. Secondary antibodies were FITC-conjugated goat anti-rabbit 
and rhodamine-conjugated goat anti-mouse antibodies. The first part shows IncA lining the 
inclusion membrane (FITC) and the second part the C pneumoniae inclusions (rhodamine). 




FIGURE 5. (A) Immunofluorescence mincroscopy showing the subcellular localization of 
CPAF in HEp-2 cells infected with C. pneumoniae CWLD29 (fixed in formaldehyde at 72 h post 
infection). PAb253 against C. pneumoniae CPAF (visualized by FITC) and mAb26.4.23 against 
PmplO (visualized by rhodamine) were used for double staining. I: inclusion; N: nucelus; 
U: uninfected cell. (B) Nomarsky microscopy image of the cells in (A). Note the uninfected 
cell in the lower part of the picture. CPAF is clearly detected in the host cell cytoplasm of 
Chlamydia infected cells, but not in uninfected cells. 
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system to export the N-terminal part of IncA, B, and C fused with a reporter, 
indicating that they are exported through the type III system. 

An exciting observation came from Zhong et who for the first time 

described the secretion of a Chlamydia-e.ncode,d protein into the host cell cyto- 
plasm. The protein is a protease-like activity factor, CPAF, which is present both 
in C. trachomatis and in C. pneumoniae protein is cleaved and secreted 
into the host cell cytoplasm, and recombinant CPAF can degrade host cell tran- 
scription factors required for MHC expression, and thus provide the chlamydiae 
with protection from host immune recognition. The results by Zhong et alP‘^^ 
were verified and extended in studies by Shaw et alP^^ It was shown that both 
C. trachomatis A, D, and L2 and C. pneumoniae secrete CPAF from the middle of 
the developmental cycle (Fig. 5 ) . CPAF has a very slow turnover that may reflect 
limited degradation of the secreted protein by the host cell proteasome. Thus, 
Chlamydia may secrete a protein, which inhibits MHC class I and II antigen pre- 
sentation without itself being a target for proteasome degradation and MHC 
class I antigen presentation. 



11. VESICLE TRAFFICKING 

Vesicle transport has only been studied for C. trachomatis. When C. tra- 
chomatis L2 attaches to susceptible host cells a host cell protein of 70 kDa is 
phosphorylated*^'^*^ and the phosphorylation can be followed in the inclusion 
membrane during inclusion development. After uptake the phagosome mi- 
grates to the perinuclear space transported along microtubules where the 
Chlamydia-containing vesicles are positioned at the centre of the microtubular 
network, indicating a microtubule-dependent mode of chlamydial redistribu- 
tion. Dynein, a microtubule-dependent motor protein known to be involved 
in directed vesicle transport along microtubules, was found to colocate with 
perinuclear aggregates of C. trachomatis. Chlamydiae-containing vesicles do 
not fuse with lysosomes, but fuse with sphingomyelin-containing exocytic vesi- 
cles from the Golgi apparatus. Analysis of sphingomyelin incorporation 
showed that no incorporation occurred the first 2 h after infection, but from 
4 h after infection incorporation of sphingomyelin was seen.*^'*^^ Fusion of the 
vesicles exposes sphingomyelin on the interior of the inclusion, and here RB 
can adsorb and incorporate it into the cell wall.*^'*^^ The way the intersection of 
the exocytotic pathway is established by the chlamydiae is unknown. It could be 
speculated that either early-exported Inc proteins or the phosphorylated host 
cell protein may play a role in diverging the vesicle transport and thus allow the 
chlamydiae to establish themselves in an intracellular compartment protected 
from the normal destruction mechanisms of the cell. 



12. HOST ATTACK ON Chlamydia 

During human infections the immune system is activated, and both the cel- 
lular and humoral immune systems are important for development of immunity . 
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Antibodies to C. pneumoniae are developed during infection and a high num- 
ber of the adult population has antibodies to C. pneumoniae. Whether this is 
caused by repeated or persistent infections, or both, remains to be determined. 
Antibodies can be detected with microimmunofluorescence microscopy, and 
the major immunogens are surface-exposed Pmps, LPS, and MOMP trimers. 
The cellular immune response is also activated, and influence of IFN-y on the 
C. trachomatis trachoma serovars has a dramatic effect on the developmental 
cycle of these serovars. It is assumed that lack of a functional TrpBA operon at 
least in part is responsible for this.*^"^®^ C. pneumoniae also lacks this operon, and 
developmental changes were observed when cell cultures infected with C. pneu- 
moniae v/ers treated with Deviation from the normal developmental 

cycle may provide an intracellular environment supporting persistent infections, 
which may explain the high number of seropositive persons. 



13. PERSPECTIVES 

Genomics and proteomics have highly influenced our understanding of the 
molecular biology of C. pneumoniae, and in combination with cell biology amore 
complete picture is emerging. There are, however, many unknown factors still 
to he considered. Even though there are indications that persistent infections 
can be established because of the influence of IFN-y, there are still many open 
questions as how other cytokines and host factors influence the developmental 
cycle. In case a persistent infection is established it is of interest to learn in 
what cells such an infection can be found. The discovery of secreted proteins 
opens new ways to study how chlamydiae communicates with the host both 
intracellularly and in the infected organism. 
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Antibiotic Susceptibility and 
Treatment of Chlamydia 
pneumoniae Infections 

MARGARET R. HAMMERSCHLAG 

1. INTRODUCTION 

One of the major characteristics of Chlamydia spp. is the ability to cause pro- 
longed, often subclinical infections. Chronic, persistent infection with Chlamy- 
dia pneumoniae has been implicated in the pathogenesis of several chronic dis- 
eases, initially not thought to be infectious, including asthma, arthritis, and 
atherosclerosis. However, studies of the association of C. pneumoniae and these 
disorders have been hampered by difficulty in diagnosing chronic, persistent 
infection with the organism which, in turn, makes it very difficult to determine 
the efficacy of antibiotic therapy. 



2. IN VITRO SUSCEPI'lBILrrY OF C. pneumoniae 

Although in vitro susceptibility testing of C. pneumoniae is not standardized, 
results from different laboratories have been remarkably similar despite use of 
different cell lines. C. pneumoniae is susceptible to a wide range of antimi- 
crobial agents, specifically those that interfere with protein and DNA synthe- 
sis such as tetracyclines, macrolides and quinolones (Table I). C. pneumoniae, 
like C. psittaci and C. pecorum, but unlike C. trachomatis, is constitutively resistant 
to sulfonamides. Although Chlamydia lacks peptidoglycan and muramic acid, 
P-lactam antibiotics, specifically penicillin, amoxicillin, and mecillinam have ac- 
tivity in vitro^’^^ Amoxicillin has been found to be as effective as erythromycin 
for treatment of genital C. trachomatis infection in pregnancy. This is often 
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TABLE I 

Comparative In Fitro Activities of Various 
Antimicrobials Against C. pneumonia^ 



Antimicrobial agent 


MIC range (pg/1) 


Doxycycline 


0.015-4).25 


Minocycline 


0.03-0.06 


Tigecycline (GAR-936) 


0.06-0.125 


Erythromycin 


0.015-0.25 


Roxithromycin 


0.06-2 


Azithromycin 


0.05-0.25 


Clarithromycin 


0.004-0.03 


Telithromycin 


0.0.3-2 


Cethromycin (ABT-773) 


0.008-0.015 


Ciprofloxacin 


1-4 


Ofloxacin 


0.5-2 


Levofloxacin 


0.25-1 


Moxifloxacin 


0.125-1 


Gemifloxacin 


0.06-0.25 


Gatifloxacin 


0.12.5-0.25 


Garenoxacin (BMS-284756) 


0.015-0.03 


Rifampin 


0.0075-0.03 


Rifalazil (.ABM 648) 


0.00125-0.0025 


NVP-PDF386 (VRC4887) 


0.008-0.015 



“From refs. 1, 7, 9-15, 17, 20, and 23. 



termed the chlamydial anomaly. Chlamydiae have three penicillin-binding pro- 
teins (PBPs)/'*’^^ Recent genomic studies have revealed that Chlamydiae have the 
genetic apparatus for synthesis of both peptidogylcan and muramic acid;*-®* thus 
PBPs may be remnants of a time when the organism was able to synthesize these 
cell wall components. However, cephalosporins do not have any appreciable 
antichlamydial activity in vitroF^ 

Tetracyclines and macrolides are the antibiotics used most frequently to 
treat C. pneumoniae infections in humans. Tetracyclines, including doxycycline 
and minocycline, which are very active in vitro with MICs ranging from 0.015 to 
0.25 |ig/ml, are now being used. Tigecycline (GAR-936), a novel glycylcycline 
tetracycline derivative, is currently in Phase 3 clinical trials. This drug was found 
to have activity in vitro against C. pneumoniae similar to doxycycline.'-’^ 

Macrolides are thought to act against C. pneumoniae as other bacteria, by 
binding to 23S rRMA.*-®* Macrolides and their derivatives, azalides and ketolides, 
have a wide range of activity against C. pneumoniae. Clarithromycin is the most ac- 
tive macrolide vitro with MICs 0.004-0.03 Azithromycin, which 

has probably become the most frequently used drug in the class for C. pneu- 
moniae infections because of its tissue penetration and pharmacokinetics, has 
in vitro activity very similar to erythromycin. Ketolides are a new class 
of macrolide derivatives. They have a number of unique structural features 
that differentiate it from the 14-membered ring macrolides, including a 3-keto 
function in place of the L-cladinose and an 11,12-carbamate-substituted side 
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chain. Telithromycin has activity similar to clarithromycin, but there was wide 
interisolate variation in susceptibility, with recent clinical isolates of C. pneumo- 
niae being more susceptible that older isolates that had been passaged more 
intensively in vitro. Cethromycin is the most active drug in this class with 

an MICgo of 0.015 pg/ml.*'^' 

Extrapolating from studies of C. trachomatis, DNA gyrase is probably the pri- 
mary targetforquinolones in C. pneumoniae The older quinolones, including 
ciprofloxacin and levofloxacin, are less potent in vitro against C. pneumoniae than 
are macrolides and tetracyclines.^*’*^* Newer compounds, specifically the des- 
fluoro-quinolone garenoxacin (BMS-284756), have activity that is comparable 
to macrolides with an MICgo and MBCgo of 0,015 pg/ml.**** 

The most active antibiotics in vitro against C. pneumoniae are rifamycin 
derivatives, including rifalazil and its derivative compounds. **®’^°* Rifampin and 
other rifamycins have been known for over 30 years to be very active in vitro 
against C. trachomatis and C. pneumoniae, with MICs ranging from 0.0075 to 
0.03 pg/ml.**^~^^* However, as early as 1973, Keshisyan et demonstrated 
rapid single-step emergence of resistance to rifampin in C. trachomatis in eggs. 
Similar results were also obtained in tissue culture. The risk of emergence 
of resistance does not occur with every rifamycin compound. Treharne et 
found that although C. trachomatisrapidly developed resistance to rifampin after 
serial passage in subinhibitory concentrations, the organism remained suscep- 
tible to rifabutin even after 10 serial passages. There are no data on in vitro 
emergence of resistance in either C. trachomatis or C. pneumoniae with rifalazil 
or its derivative compounds, ABI-1657 and ABI-1131. 

Peptide deformylase (PDF), a necessary enzyme in bacterial protein syn- 
thesis, is a novel target for antibacterial chemotherapy. The gene encoding 
PDF {def ) is essential for protein synthesis in a variety of pathogenic bacteria, 
including Chlamydiae, but is not required for mammalian protein synthesis. Pre- 
liminary in vitro data have demonstrated that one candidate compound, NVP- 
PDF386 (VRC4887), was very active against C. pneumoniae, with an MICgo of 
0.008 gg/ml.^^^* Clinical trials of several PDF inhibitors have been undertaken. 



2.1. Is There Antimicrobial Resistance in C. pneumoniae'! 

Although, antimicrobial resistance of C. trachomatis has been described, it 
has not as yet been described for C. pneumoniae in vivo. We previously reported 
three clinical isolates of C. pneumoniae, from two patients with pneumonia, who 
developed a 4-fold increase in MICs after treatment with azithromycin.**^* Phe- 
notypic resistance to macrolides has been found in C. trachomatis from patients 
who failed therapy.*^'** Tetracycline resistance has also been described in C. tra- 
chomatis and C. SuisP‘*'’^^^ Dessus-Babus et al^^^ were able to induce high-level 
resistance to ofloxacin and sparfloxacin in C. trachomatis after four passages 
in subinhibitory concentrations (Vi MIC) of the drugs. In a subsequent study, 
Morrisey et alP^^ were able to induce resistance to ofloxacin and ciprofloxacin 
in C. trachomatis, but not in C. pneumoniae after more than 30 passages in 
subinhibitory concentrations of the drugs. Repeated passage in subinhibitory 
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concentrations of various antibiotics, including macrolides, quinolones and 
beta-lactams, will reproducibly induce resistance in other bacteria, especially 
Streptococcus pneumoniae Macrolide resistance often arises by (i) mutation of 
the 23S rRNA at the macrolide contact site, or (ii) methylation of this site by ade- 
nine A-methyltransferase enzymes encoded by the erm gene family, or (iii) an 
efflux pump mechanism/®’^*^ We were unable to demonstrate any mutations in 
two candidate resistance-determining domains of the 23S rRNA gene of three 
clinical isolates of C. pneumoniae obtained after treatment with azithromycin, 
even though the MICs to azithromycin and erythromycin increased 4-fold from 
that of the isolates obtained before treatment/^®"^ A systematic comparison of 
other proteins involved in macrolide resistance revealed significant homologies 
of 3 Staphylococcus aureus proteins to predicted gene products in the C. pneumo- 
niae genome. ErmA (BAB42746, 243 amino acids (aa)), a 23S rRNA ribosomal 
methylase, has 24% indentity and 42% similarity over its first 215aa to the C. 
pneumoniae dimethyadenosine transferase gene, known as the kasugamycin resis- 
tance gene (ksgA, 565 aa). Second, the macrolide efflux gene product (MefA, 
AAL58635, 405 aa) has homology to a C. pneumoniae putative efflux protein 
(YgeD, NP_224932.1, 565aa), within its N-terminal one-third. Remarkably, the 
S. aureus NorA multi-drug efflux protein (BAB56857, 388 aa), though not ho- 
mologous to MefA, also has 23% identity and 43% similarity to YgeD, in a cen- 
tral region of the protein spanning 195aa. Finally, the virginiamycin resistance 
gene product (VgaB,U82085, 552 aa), an ATP-hinding efflux pump, shares 32% 
identity and 53% homology over its C-terminal two-thirds with the chlamydial 
yjjK gene product, a putative ATP-binding transporter. Of note, the macrolide- 
streptogramin resistance gene products MsrC of E. fecalis (NP_815134) and 
MsrA of S. epidermidis (P23212) are homologous to both VgaB and YjjKin a simi- 
lar region. By contrast, no significant homologies could he found in the chlamy- 
dia genomes to macrolide hydrolases (vgbA, vgbB), esterases (ereA,ereB), phos- 
phorylases(mphA), transferases (InuA) or other multi-drug efflux proteins 
(AcrAB,TolC, LmrA, NorM, Mmr, EmrB) or their regulators (AcrR, BltR, BmrR, 
Mta). It is still possible that these genes have been acquired via transfer of extra- 
chromosomal elements. We were not able to detect the presence of an erm-like 
gene, using degenerate primers, which work across a broad range of species. 
The mechanism underlying the increase in MIC needs to be further defined, as 
it may be the first step toward genuine high-level resistance in C. pneumoniae. 

We recently investigated the effect of serial passage of two C. pneumoniae 
isolates and two serotypes of C. trachomatis in subinhibitory concentrations of 
two rifamycins, rifalazil and rifampin, on the development of phenotypic and 
genotypic resistance. C. trachomatis developed resistance to both antimicrobials 
within 6 passages, with higher level resistance to rifampin (128-256 p,g/m\) 
and lower level resistance to rifalazil (0.5-1 /xg/ml). In contrast, C. pneumoniae 
TW-183 developed only low level resistance to rifampin (0.25 p,g/ml) and ri- 
falazil (0.016 /ig/ml) after 12 passages. Another isolate, C. pneumoniae CWL-029, 
failed to develop resistance to either drug. Two unique mutations emerged in 
the rpoB gene of rifampin- (L456I) and rifalazil- (D461E) resistant C. pneumoniae 
TW-183. A single mutation (H471 Y) was detected in both rifampin-and rifalazil- 
resistant C. trachomatis UW-3/Cx/D, and aunique mutation (V136F) was found 
in rifalazil-resistant BU-434/L2. No mutations were detected in the entire rpoB 
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gene of rifampin-resistant BU-434/L2. This is the first description of antibiotic 
resistance-associated mutations in C. pneumoniae. Given the favorable pharma- 
cokinetic profile of rifalazil and its derivatives, this drug may maintain physio- 
logical levels well above the increased MIC in C. pneumoniae for the duration of 
therapy, making resistance and subsequent clinical failure less likely to occur. 

2.2. Treatment of Persistent C./7«eM»ioMiae Infection /« Vitro 

Despite the finding that many antimicrobial agents have excellent activity in 
vitro, one may not be able to readily extrapolate from these results to microbio- 
logic efficacy in vivo. Methods currently used for in vitro susceptibility testing are 
not analogous to the infection as it occurs in vivo. Kutlin et established 

an in vitro model of continuous C. pneumoniae infection in Hep-2 cells. These 
long-term continuously infected cells have been maintained for over 7 years 
without addition of new cells or chlamydia, or centrifugation or addition of cy- 
cloheximide to the media, which is required for standard culture and in vitro 
susceptibility testing of C. pneumoniae. Ultrastractural studies demonstrated that 
these cultures contain a subpopulation of aberrant inclusions (10-20%) where 
the Chlamydia do not appear to be actively replicating. These aberrant inclu- 
sions were similar in appearance to those seen in y-interferon-induced persistent 
C. pneumoniae infection.*^^^^ Kutlin etal.*'^^^ reported that 6 days’ treatment with 
4 gg/ml ofloxacin or 0.5 hg/ml azithromycin, which exceeds achievable semm 
levels, reduced the concentration of C. pneumoniae from 10® to 10® inclusion- 
forming units/ml, but failed to completely eradicate the organism from long- 
term continuously infected HEp-2 cells. In a subsequent study using the same 
model, 30 days’ treatment with levofloxacin, azithromycin or clarithromycin, at 
concentrations achievable in the pulmonary epithelial lining fluid (32-500 x 
MIC), reduced the concentrations of C. pneumoniae by 4 logs but, again, failed to 
eliminate the organism.*^®^^ Similar results were also obtained with 30 days’ treat- 
ment with gemifloxacin.*^®®' Thus antibiotic treatment may not be completely 
effective if a proportion of chlamydia inclusions are in a persistent state, which 
has been hypothesized to occur in chronic C. pneumoniae infection. 



3. TREATMENT OE C. pneumoniae RESPIRATORY INEECTIONS 

Data are limited on the treatment of respiratory infections due to C. pneu- 
moniae. Despite the fact that many antimicrobial agents have excellent activ- 
ity in vitro, as described above, in vitro activity may not always predict in vivo 
efficacy. Early anecdotal data suggested that prolonged therapy (i.e., at least 
2 weeks’) was necessary since recrudescent symptoms have been described fol- 
lowing 2-week courses of erythromycin and even after 30 days’ tetracycline or 
doxycycline.^®"*’®®^ However, practically all treatment studies of C. pneumoniae 
respiratory infection, including pneumonia, bronchitis, and asthma, presented 
or published to date have used serology alone for diagnosis, essentially limit- 
ing themselves to a clinical endpoint. Most studies have followed this premise: 
if the patient has serologic evidence of infection and clinically improves, 
the organism is presumed to have been eradicated. In 1990, Lipsky et 
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described four patients with bronchitis and pneumonia, treated with a 10-day 
course of ofloxacin, who were retrospectively identified as having serologic evi- 
dence of C. pneumoniae infection [4-fold rise in IgG/IgM, single IgM> 16 orIgG> 
512 by microimmunofluorescence (MIF) ]. All reportedly demonstrated marked 
clinical improvement. On the basis of the MICs of three laboratory isolates to 
ofloxacin (1-2 gg/ml), the authors concluded that ofloxacin was effective in 
these patients as the MICs were less than achievable serum levels. In a subse- 
quent prospective pneumonia treatment study, Plouffe et alP^^ found a clinical 
response rate of 83% in those patients with serologic evidence of C. pneumoniae 
infection who were treated with ofloxacin compared with 75% of those who 
received standard therapy, which was a P-lactam antibiotic plus erythromycin 
or a tetracycline. Similarly, File et alP^^ reported a clinical cure rate of 98% 
among patients with serologic evidence of C. pneumoniae infection who were 
treated with levofloxacin compared with 93% of those treated with ceftriaxone 
and/or cefuroxime axitiil, plus erythromycin or doxycycline, which was added 
to the treatment regimen at the investigator’s discretion. In the latter group, the 
response rate did not differ between those patients who had erythromycin or 
doxycycline added to their treatment regimen and those who were treated with 
a cephalosporin alone. There was also no difference in the response rate among 
those patients who had “definite” serologic evidence of infection, i.e. a 4-fold rise 
in MIF IgG orIgM, compared with those who had “probable” infection, i.e. a sin- 
gle IgG> 512 orIgM>32. The success of the cephalosporin regimens results raise 
some questions about the specificity of the serologic criteria as these antibiotics 
have no or poor activity against Chlamydia spp. in vitroP^ A number of published 
treatment studies have claimed microbiologic eradication, despite the fact that 
cultures were not done, including a major, recently published study comparing 
sequential intravenous and oral moxifloxacin compared with sequential intra- 
venous and oral Co-amoxiclav with or without clari thro mycin.^^®^ Conversely, the 
results ofstudies that have assessed microhiologic efficacy have frequently shown 
that patients improve clinically despite persistence of the organism. 

There are only 6 published pneumonia treatment studies that have utilized 
C. pneumoniae culture and assessed microbiologic efficacy. Block et alP°^ found 
that 10 days’ treatment with erythromycin or clarithromycin suspension erad- 
icated C. pneumoniae from the nasopharynx of 86 and 79% of culture-positive 
children, 3 through 12 years of age, with community-acquired pneumonia, 
respectively. All these children improved clinically despite persistence of the 
organism. Persistence did not appear to be related to the development of 
antibiotic resistance as all the isolates remained susceptible to erythromycin and 
clarithromycin during and after treatment.*®^ The experience with azithromycin 
has been similar, with eradication rates of 70-83%.**^ '**^ Harris etalP^^ reported 
that C. pneumoniae was eradicated after treatment from the nasopharynx of 
19of23 (83%) culture-positive children with community-acquired pneumonia, 
6 months through 16 years of age, who received azithromycin; four of four, and 
seven of seven who received amoxicillin-clavulanate and erythromycin, respec- 
tively {p = 0.9, chi square). The MICs and minimum bactericidal concentrations 
(MBCs) of three of nine isolates obtained after treatment from two of seven 
persistently infected patients in both studies who were treated with azithromycin 
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increased 4-fold after treatment, although they were still within the range 
considered susceptible to the antibiotic. It is not clear if this was an isolated 
event or suggestive of possible development of resistance. All patients improved 
clinically despite persistence of the organism. In both pediatric studies, over 
70% of the C. pneumoniae culture-positive children had no detectable antibody 
by MIF, and less than 5% met the serologic criteria for acute infection. 

The results of two pneumonia treatment studies in adults, which evaluated 
levofloxacin and moxifloxacin, found eradication rates of 70-80%.^"*^’"^^^ As seen 
with the children, all the patients who were microbiologic failures improved or 
were clinical cures. TheMICs and MBCs ofisolates of C. pneumoniae from the pa- 
tients who were microbiologic failures to both drugs remained the same before 
and after treatment. Only 4 of 18 (22.2%) of the C. pnenmomae culture-positive 
patients enrolled in the moxifloxacin study met the serologic criteria for acute 
infection; 6 (33.3%) were seronegative and 10 (55.6%) had stable IgG titers.^"'^* 

Although telithromycin is now approved for treatment of respiratory infec- 
tions, studies of this drug for treatment of community-acquired pneumonia have 
only used serology for diagnosis of infections due to C. pneumoniae. There is one 
preliminary dose-ranging study ofcethromycin (ABT-773) for this indication. 
Patients with community-acquired pneumonia were enrolled in a randomized 
study comparing cethromycin at a dose of 150 mg q.d. with 150 mg bid, p.o. for 
10 days. C. pneumoniaewas eradicated from the nasopharynx of 10 of 10 (100%) 
microbiologically evaluable patients. In vitro susceptibility testing of 13 isolates 
of C. pneumoniae from 12 patients obtained before and after therapy was per- 
formed. The MICgoS and MBCgoS for cethromycin were 0.015 pg/ml, which was 
identical to prior in vitro studies. 

Data on efficacy of antibiotic treatment of other respiratory infections due 
to C. pneumoniae, specifically asthma, are also limited. Only one study assessed 
microbial efficacy by culture. Emre etal.^‘^^^ isolated C. pneumoniae from the na- 
sopharynx of 13 (11%) of 118 children presenting with acute exacerbations of 
reactive airway disease. Six of these children had positive cultures on multiple 
occasions, ranging from 1 to 6 months. Twelve of the culture-positive children 
were treated with either 14 days of erythromycin or 10 days of clarithromycin; all 
eventually became culture negative, although six required two to three courses of 
therapy. Nine (75%) of the treated children demonstrated significant improve- 
ment of their asthma, as demonstrated by improved pulmonary function tests 
and decreased requirements for medication, after eradication of their C. pneu- 
moniae infection. As described above for the pneumonia studies, there was a very 
poor correlation between MIF serology and isolation of C. pneumoniae in these 
children, almost 60% had no detectable MIF IgG or IgM, including one child 
who was culture-positive five times over a 6-month period. Only three children 
met the serologic criteria for acute infection. 

Two recent studies in adults have also attempted to assess the efficacy of 
antibiotics for the treatment of reactive airway disease. Kraft et ob- 
tained bronchoalveloar lavage specimens for culture and PCR of C. pneumoniae 
and Mycoplasma pneumoniae from 55 adults with stable asthma. The patients were 
then randomized to receive either clarithromycin, 500 mg bid or placebo for 
6 weeks. C. pneumoniae was not isolated from any of the patients by culture. 
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although seven (12.7%) were PCR positive. Treatment with clarithromycin was 
found to improve lung function, but only in those subjects who were PCR positive 
for C. pneumoniae OT M. pneumoniae (>55% ofpatients). It was difficult to assess 
the microbiologic efficacy of therapy as data on the C. pneumoniae and M. pneu- 
moniae were not presented separately. Of the 26 patients in the treatment arm, 
15 were PCR positive for either organism at baseline, 9 became PCR negative 
after treatment, 5 remained PCR positive, and 2 patients who were PCR negative 
at baseline became PCR positive. Aside from the fact that we do not know if PCR 
can be used to assess the efficacy of antibiotic treatment, C. pneumoniae PCR is 
not standardized and there can be substantial problems with inter and intral- 
aboratory reproducibility.*^^** Another explanation for the observed effect of 
clarithromycin on pulmonary function in this study could be the antiinflamma- 
tory effect ofmacrolides, which is independent of their antimicrobial activity.*"*®* 
In a larger multinational study. Black et alS^'^'' compared the effect of 
6 weeks’ treatment with roxithromycin, 150 mg, bid compared with placebo 
on pulmonary function and anti-C. pneumoniae IgG and IgA titers by MIF. A 
total of 232 subjects, 1 8 to 60 years of age who had anti-C. pneumoniae IgG > 64 
and/or IgA > 64, were enrolled in four countries. Cultures for C. pneumoniae 
were not performed. The investigators found an initial beneficial effect of rox- 
ithromycin on pulmonary function tests that was not sustained beyond 3 months 
after treatment. The investigators hypothesized that the lack of sustained ben- 
efit was due to failure to eradicate C. pneumoniae from the subjects; however, 
this is really impossible to assess as cultures were not done, thus we really do 
not know how many patients were actually infected. As in the previous study, a 
more likely explanation is that any benefit seen was probably secondary to the 
antiinflammatory action of roxithromycin.*"*®* 



4. RELEVANCE EOR CARDIAC CLINICAL TREATMENT 

INTERVENTION STUDIES 

There are currently at least 1 1 prospective, randomized antibiotic interven- 
tion studies of coronary artery disease that have been either published or are 
still ongoing.*^*** All have based the diagnosis of C. pneumoniae on a variety of 
serologic criteria. Preliminary results of four published studies have been con- 
flicting, but most have not demonstrated an effect. *^*** Azithromycin achieved 
levels ranging from 0.2 to 4 |Xg/ml in atherosclerotic plaque after dosages of ei- 
ther 500 or 1000 mg/day for 3 days in patients undergoing endarterectomy.*^** 
The third dose was given 4 h before the procedure. Although these concen- 
trations exceed the MIC, it would be practically impossible to document the 
eradication of C. pneumoniae from a vascular focus. Melissano et alP^^ treated 
32 patients with either roxithromycin, 150 mg twice a day, or placebo for 
17-35 days before undergoing carotid endarterectomy. Using a seminested PCR, 
C. pneumoniaeDNAwas detected in plaques of 5 of 16 (31.3%) treated patients 
compared with 12 of 16 (75%) who received placebo (p = .034). The authors 
claimed that these results demonstrated that treatment with roxithromycin was 
effective in eradicating C. pneumoniae from the plaques. However, as the pretreat- 
ment status was unknown and given the problems observed with performance of 
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PCR, one cannot really assume that the lower prevalence of C. pneumoniae DNA 
in the treatment group was due to successful eradication. However, Geiffers 
et reported that treatment with azithromycin, 500 mg/day for 3 days, fol- 
lowed by an additional 500-mg dose on either Day 14,15, or -16, was ineffective 
in eliminating C. pneumoniae, as determined by culture, from peripheral blood 
monocytes in two patients with unstable angina. 

Reasons for failure to find an effect of antibiotic treatment on adverse 
cardiac outcome in the initial intervention studies include low power due to 
small numbers, inadequate dosing and duration of treatment, or poor positive 
predictive value of C. pneumoniae serology In terms of dosage and dura- 
tion of treatment, none of the antibiotic regimens used or currently in use has 
been demonstrated to be effective in the eradication of C. pneumoniae from the 
respiratory tract or any other site. Ironically, the only study that found a sig- 
nificant reduction in adverse cardiac outcome used an azithromycin regimen, 
500 mg/day for 3 or 6 days,^^^^ that was the least likely to be effective, as 1.5 g 
azithromycin over 5 days had only 70% efficacy in eradicating C. pneumoniae 
from the nasopharynx of adults with pneumonia.*^^"^^ Furthermore, the weekly 
dosing regimens of azithromycin used in the published and ongoing interven- 
tion studies may result in long periods of subinhibitory levels of drug, which 
may lead to development of resistance, not only in C. pneumoniae but in other 
respiratory bacteria, as described earlier.^^^^ None of these studies are monitor- 
ing the effect on respiratory flora. Results of studies of long-term continuously 
infected cells found that 30 days’ treatment with 4 pg/ml azithromycin, the con- 
centration achievable in the pulmonary epithelial lining fluid, failed to eradi- 
cate Extrapolating from these data, one would also expect that 

these weekly azithromycin regimens would probably not be effective in eradicat- 
ing a chronic vascular C. pneumoniae infection, if present. Finally, there are no 
reliable serologic markers for chronic or persistent C. pneumoniae infection. 

In reality, this means that we really cannot determine who is infected and who is 
not. It also means that we cannot assume that any effect seen is due to successful 
treatment or eradication of C. pneumoniae. 
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1. INTRODUCTION 

In 1989, the previously labelled Chlamydia strain TWAR was recognised as a third 
species of the Chlamydia genus on the basis of ultrastructural and DNA homology 
analysis and named Chlamydia pneumoniaey^ 

Like other Chlamydia, this agent is an obligate intracellular, Gram-negative 
bacterium present in two developmental forms: infective elementary bodies 
(EB) and reproductive reticulate bodies (RB). Chlamydia possess a specific 
replication cycle that differs from conventional bacteria. They multiply within 
membrane-bound vacuoles in eucaryotic host cells but are unable to gener- 
ate adenosine triphosphate (ATP) and are therefore dependant on the host 
cell ATP deposits for all energy requirements. Moreover, they are incapable 
of de novo nucleotide biosynthesis and are dependent on host nucleotide 
pools. 

Chlamydia pneumoniae has been recognised as a cause of respiratory tract 
infections and is considered the most common nonviral intracellular human 
respiratory pathogen. C. pneumoniae is involved in a wide spectrum of res- 
piratory infections of the upper respiratory tract (pharyngitis, sinusitis, and 
otitis) and lower respiratory tract [acute bronchitis, exacerbations of chronic 
bronchitis and asthma, and community-acquired pneumonia (CAP)] in both 
immunocompetent and immunocompromised hosts. 
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TABLE I 

Common Signs and Symptoms of C. fmeumoniae Pneumonia 
and Frequency of Presentation**’*“®* 



Signs and symptoms 



Frequency of presentation (%) 



Dry cough 


7.5-90 


Sore throat 


70-80 


Hoarseness 


65-75 


1 leadache 


25-60 


Fever (>37.8°C) 


2.5-45 


Abnormal breath sounds 


65-78 


Leukocytes >10, 000/mm* 


15-25 


Sedimentation rate >15 mm/h 


50-70 



2. EProEMIOLOGY 

C. pneumoniae accounts for 6-20% of CAP in adults, depending on several 
factors such as setting of the studied population, age group examined, and 
diagnostic methods used/^“^^ The clinical course may vary from a mild, self- 
limiting illness to a severe form of pneumonia, particularly in elderly patients, 
and in patients with coexisting cardiopulmonary diseases/®”*^ 

This agent is present as part of a coinfection involving other bacterial 
agents in approximately 30% of cases/'*^ Presenting symptoms most frequently 
reported by patients with C. pneumoniae pneumonia are sore throat and hoarse- 
ness (Table After a period of up to a week, dry persistent cough often 
sets in/^^ Body temperature is generally slightly increased, seldom going higher 
than 38-39°C. Fever may be often missed if the patient is not seen early in the 
course of infection. 

Physical examination does not often show abnormalities and, if present, 
physical findings are generally not specific. Pulmonary rales, ronchi, or signs of 
pulmonary consolidation are sometimes found. 

Chest X-ray generally reveals small pulmonary infiltrates, sublobar or seg- 
mental at presentation (Table II). Multiple infiltrates may sometimes be seen 
and are often bilateral. Extensive lobar involvement is uncommon, whereas 
pleural effusion may be present in up to 20% of cases. 



TABLE II 

Most Commonly Occurring Radiographic Presentations of 
C. /wettmontaePneumonia**’*"^’ 



Radiographic involvement 


Frequency of presentation (%) 


Normal 


0-6 


Single sublobar lesion 


70-85 


Lobar 


4-7 


Bilateral involvement 


7-14 
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TABLE III 

Incidence of C. pneumoniae Infection in Community-Acquired Pneumonia 

in Children 



Reference 


Number of 
patients 


Type of 
patients 


Methods 


Incidence of 
C. pneumoniae (%) 


Block rtoi, 1995<“> 


260 


Ouipaiicnis 


Culture and scrolog\' 


28 (13% by culture) 


Harris a/., 1998*^*^ 


456 


Outpatients 


Serology and culture 


7 


Heiskanen-Kosma et o/., 
1998t'«> 


201 


Inpatients 


Serology 


10 


Wubbel eloL. 1999'"> 


168 


Outpaueiits 


Serolog>’ and PCR 


6 


Esposito etaL, 2001'*^^ 


203 


Inpatients 


Serology and PCR 


9.5 



3. CAP IN PEDIATRIC PATIENTS 

Table III shows the main studies on CAP in children. 

In a study in eastern Finland involving 201 children with pneumonia, bac- 
terial infection was demonstrated in 102 cases (51%) and C. pneumoniae 
involved in 20/102 cases. The incidence of this pathogen was more than 
2-fold higher in children >5 years than in those <5 years of age. Wubhel et al. 
recently obtained similar results in 168 outpatient children with CAP.*^^ C. pneu- 
moniae acute infection was found in 6% of cases, ranking fourth after Streptococcus 
pneumoniae, vimses, and Mycoplasma pneumoniae. There was no difference in the 
effectiveness of the antibiotics used in the study (azithromycin, amoxicillin- 
clavulanate, or erythromycin estolate), even among those infections attributed 
to M. pneumoniae, C. pneumoniae, or S. pneumoniae. However, beta-lactam treat- 
ment was used only in children under 5 years of age, whereas children older 
than 5 were randomized to either azithromycin or erythromycin. 

Esposito et al. recently studied 203 children aged 2-14 years admitted for 
pneumonia. Evidence for C. pneumoniae infection as single pathogen (by 
means of serology and PCR) was obtained in 8/203 patients, whereas mixed in- 
fection with M. pneumoniae was found in a further 1 1 cases. Table IV shows a com- 
parison between clinical and radiological characteristics associated with specific 
etiology in these young patients with pneumonia. In another study the authors 
confirmed the limited role of clinical, laboratory, and radiological features in 
predicting the etiology of CAP in pediatric patients. C-reactive protein levels 
and WBC counts were significantly associated with pneumococcal infection, but 
a high degree of overlapping of the individual values in the different groups 
was reported. Radiological findings had the same limitations in terms of sensi- 
tivity and specificity; segmental or lobar consolidation, usually associated with 
S. pneumoniaepnemnoma, and interstitial involvement, which is considered an 
indicator of atypical bacterial infection, were also demonstrated in all of the 
other etiologic groups. This study also evaluated the response to different an- 
tibiotic treatment of the different etiologic agents. Macrolides either alone or 
in combination for the treatment of atypical bacterial infections lead to a better 
clinical outcome than beta-lactams alone (Table V). 






60 



F. BLASI et al. 



TABLE IV 

Clinical and Radiographic Characteristics of 87 Children with Pneumonia due to 
Atypical Pathogens (Modified from Ref. 12) 



(Characteristics 


C pneumoniae 

C« = 8) 


M. pneumoniae 
(n = 68) 


Mixed M. and 
C. pneumoniae (n = 11) 


Age (years) 


5.76-1-2.94 


6.324-3.34 


6.904-3.36 


Gradual onset 


6 (75)“ 


41 (60) 


6 (55) 


Fever 


5 (63) 


58 (85) 


10 (91) 


Cough 


4 (50) 


44 (65) 


7(64) 


Tachypnea 


0 


8 (12) 


1 (9) 


Rales 


7 (88) 


60 (88) 


10 (91) 


Wheezing 


1 (13) 


10 (15) 


1 (9) 


Days of illness 


10.75 4-4.27 


13.174-6.67 


13.00 4-5.50 


Days of hospitalization 


6.38 4- 2.88 


6.514-2.74 


6.33 4-3.39 


Chest x-ray: Linear opacities 


4 (50) 


41 (60) 


8 (73) 


Reticulo-nodular infiltrate 


1 (13) 


27 (40) 


5 (46) 


Seginental/lobar consolidation 


3 (37) 


19 (28) 


2(18) 


Bilateral consolidation 


0 


5(7) 


0 


Pleural effirsion 


0 


4(6) 


0 


Note: No significant differences were observed. 

"Figures in parenthesis represent percentages. 

TABLE V 

Clinical Outcomes for Children with CAP, According to Treatment and 


Etiology (Modified from Ref. 13) 






5. pneumoniae 


Atypicals 


Mixed infections 




(44 pts) 


(42 pts) 


( 1 5 pts) 


Macrolide alone 


Cure 


6 


13 


5 


Failure 


1 


1 


0 


Beta-lactam alone 


Cure 


27» 


11*» 


2 


Failure 


1 


10 


2 


Beta-lactam + macrolide 


Cure 


9 


7 


6 


Failure 


0 


0 


0 



*p = 0.0003 compared with atypicals infection treated with beta-lactam monotherapy; p = 0.34 
compared with mixed infection treated with beta-lactam monotherapy. 

**p = 0.30 compared with atypical infection treated with beta-lactam + macrolide; p = 0.023 
compared with atypical infection treated with macrolide monotherapy. 



4. CAP IN ADULTS 

Table VI shows the main studies on CAP in adults. 

In a prospective study on 109 adult patients with CAP, noninvasive and invasive 
(including transthoracic needle aspiration) methods were applied to identify 
the causal agents. Conventional methods provided a microbial etiology in 
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TABLE VI 

Incidence of Chlamydia pneumoniae Infection in Community-Acquired 
Pneumonia in Adults 



Reference 


Number of 
patients 


Type of patients 


Methods 


Incidence of 
C. pneumoniae (%) 


Marrie et al., 1987^^^ 


301 


Inpatients 


Serology 


6 


Grayslon et oL, 1989*^* 


198 


Inpatients 


Serology 


10 


Fang et al., 1990<“> 


359 


Inpatients 

(including 

HI\-infected) 


Serology 


6 


Almirall et aL. 199.S<2''> 


105 


Outpatients 


Serology 


13 


Mundy et al, 1995^^'^^ 


385 


Inpatients 

(including 

HlV-infecicd) 


PCR 


4 


Cosentini et al, 1996^’^ 


61 


Inpatients 


Serology + DFA 


10 


Martson et al., 1997**’ 


2775 


Inpatients 


Serology 


9 


Ishida et aL, 1998*“’ 


318 


Inpatients 


Serology 


3 


Ruiz-Gonzalez et al, 1999*^^ 


109 


Inpatients 


Serology -1- PCR 


13 



54 patients (50%), C. pneumoniae ranking second (17%) after M. pneumoniae 
(35%). However, when samples obtained from transthoracic needle aspiration 
were analyzed, evidence of microbial etiology was found in 36 other patients. 
The use of conventional testing plus needle aspiration allowed the authors 
to determine specific microbiologic causes in more than 80% of CAP cases. 
S. pneumoniae was the most frequent pathogen (30%), followed by M. pneumo- 
niae (22%) and C. pneumoniae ( 1 3 %) . In three cases needle aspiration provided 
new evidence of C. pneumoniae infection, in four cases it confirmed the results 
of conventional methods, and in three cases with microbial diagnosis of C. pneu- 
moniae infection by conventional methods other pathogens were identified (two 
S. pneumoniae and one S. viridans) . These data confirm the role of C. pneumoniae 
in the etiology of CAP and that this agent is often present as part of a coinfection 
involving other bacterial agents. 

The possible role of coinfection is elucidated in two studies on adult patients 
and in one study on children. Kauppinen etalS^'^^ showed that coinfection 
with S. pneumoniae was associated with more severe disease and a longer hospital 
stay. The authors confirmed that in their series, differential diagnosis between 
C. pneumoniae, S. pneumoniae, and mixed infection was not possible on the basis 
of clinical, laboratory, and radiological features. More recently, Miyashita et al. 
found a mixed infection, mainly with S. pneumoniae, in 22/62 (35%) cases of 
C. pneumoniae CAP.^^^^ These studies suggest that mixed infection should be 
taken into account when planning empirical antimicrobial treatment for CAP, 
as suggested for children by Esposito etal^^^ 

C. pneumoniae fa^ also been involved in nursing home outbreaks. This 
retrospective cohort study was performed in three nursing homes in Canada 
involving 549 residents. The authors report a high incidence of acute respi- 
ratory tract infections (RTIs), with 16 cases of pneumonia and 6 deaths. Using 
serologic testing on paired sera and nasopharyngeal swab culture, C. pneumoniae 
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was identified as the etiological agent of this outbreak. This study provides new 
insight on the epidemiology of nursing homes infective outbreaks and under- 
lines that C. pneumoniae pneumonia is not always benign and that some patients 
may die. 



5. INFECTION IN IMMUNOCOMPROMISED SUBJECTS 

Recent papers have analyzed the potential role of C. pneumoniae as a res- 
piratory pathogen in both pediatric and adult immunocompromised patients. 
Cosentini et al. report the rate of seroconversion to C. pneumoniae of 26 HIV- 
infected children and 14 seroreverter children (HIV-negative children born to 
HIV-positive mothers) over a 3-year study period. The study showed a high in- 
cidence of C. pneumoniae infection in HIV- 1 -infected children. The incidence of 
C. pneumoniae infection appears to correlate with the degree of immunosuppres- 
sion and with the viral burden. Because in most cases the infection was asymp- 
tomatic, and in symptomatic cases the outcome was often favorable irrespective 
of the treatment used, it is still unclear whether C. pneumoniae may cause severe 
forms of infection in this population. This high rate of infection was not con- 
firmed by a different study on adult HIV-positive patients with pneumonia. 

In this retrospective study, involving 103 episodes of pneumonia of 83 patients, 
no Chlamydia spp. could be detected by PCR methods in BAL fluid specimens. 
In a different prospective study on hospitalized patients (including HIV-positive 
subjects) with pneumonia, C. pneumoniae frequently identified using culture 

and PCR on BAL fluid. Given the presence of asymptomatic carriage and 
isolation of copathogens, the authors conclude that in HIV-positive patients the 
association between C. pneumoniae detection and acute pulmonary infection is 
less clear than in immunocompetent patients. These data indicate that further 
epidemiological, clinical, and laboratory studies are needed to address the pos- 
sible role of C. pneumoniae in the HIV-infected population. 



6. CONCLUSIONS 

A lot of circumstantial evidence now suggests that C. pneumoniae infection is 
important in patients with CAP: it is commonly present when looked for, it often 
coexists with bacterial pathogens, it may lead to more complicated course when 
not treated in the presence of bacterial copathogens, and outcomes, including 
mortality, are improved if macrolides are incorporated in CAP therapy regi- 
mens. Future studies are needed to document the role of this organism more 
clearly. This would require routine serologic testing, along with cultures and 
molecular biology techniques, to confirm the high frequency of infection with 
this organism. In addition, it would be necessary to conduct outcome studies 
that correlate the use of therapy for C. pneumoniae with improved outcomes in 
patients who are actually documented to have CAP due to this organism. In the 
meantime, it is reasonable to suggest empirical treatment of patient with CAP 
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with drugs active against C. pneumoniae, such as macrolides alone or in combi- 
nation with beta-lactams, or new fluoroquinolones (levafloxacin, gatifloxacin, 
and moxifloxacin). 
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Chlamydia Detection in 
Blood 

YOSHIMASA YAMAMOTO 



1. INTRODUCTION 

Chlamydia pneumoniae has been established as a common and important 
pathogen causing upper and lower respiratory tract infections. As described in 
this book, current studies have suggested that C. pneumoniae may be implicated 
in not only respiratory infections but also some chronic inflammatory diseases, 
including atherosclerosis. Detection of the causative pathogens in clinical spec- 
imens obtained from patients with chronic inflammatory disease is essential for 
establishing the involvement of a certain pathogen in the disease. Peripheral 
blood specimens are widely utilized for diagnosis of diseases, since they can be 
easily collected from patients and give valuable information in many aspects, 
including microbiological. C. pneumoniae has been cultured from blood speci- 
mens of patients with chronic inflammatory diseases, including atherosclerosis. 
However any successful culture of C. pneumoniae has been reported, even the 
bacterial antigens, such as DNA, can be detected in blood samples. 

Properly performed serology is considered of value for diagnosing acute 
C. pneumoniae infection. However, in the case of persistent C. pneumoniae in- 
fection, which can be expected in chronic inflammatory diseases associated 
with this pathogen, serology is less useful because of the preexistence of anti- 
C. pneumoniae antibodies in the population*^"^^^ as well as the discrepancy be- 
tween culture-documented chlamydia infections and detection of antibodies. 
Therefore, there is an obvious need for methods that can identify individuals 
persistently infectedbyC.pneMOToniae. 

The polymerase chain reaction (PCR) is the most sensitive of the existing 
rapid methods to detect microbial pathogens in clinical specimens. In partic- 
ular, when specific pathogens that are difficult to culture in vitro or require a 
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prolonged cultivation period are expected to be present in specimens, the diag- 
nostic value of PCR is known to be significant. However, the application ofPCR 
to clinical specimens has many potential pitfalls because of the susceptibility of 
PCR to inhibitors, contamination, and experimental conditions. For instance, 
it is known that the sensitivity and specificity of a PCR assay is dependent on 
target genes, primer sequences, PCR techniques, DNA extraction procedures, 
and PCR product detection method. Because C. pneumoniae is difficult to culture 
in vitro, often low numbers of bacteria may be detected in the blood of patients 
with chronic inflammatory diseases such as atherosclerosis. In this chapter gen- 
eral PCR protocols for detection of bacteria in clinical specimens, as well as 
a specific example of using PCR for detection of C. pneumoniae in blood, is 
discussed. 

The detection of bacterial DNA by PCR is not definitive proof of the actual 
presence of bacterial organisms. Because the persistent form of C. pneumoniae 
may not be detected by cultures, demonstration of bacterial antigen by staining 
with highly specific antibodies is another choice to demonstrate the presence 
of bacterial organisms besides demonstration of Chlamydia DNA by PCR. For 
this purpose, immunofluorescence staining ofblood specimens with chlamydia 
antibody is utilized in several reports and will also be discussed in this chapter. 



2. PCR— METHODOLOGICAL ASPECTS 

The PCR assay for diagnosis involves several critical steps, such as DNA ex- 
traction from blood specimens, PCR amplification, and detection of amplicons. 
In particular, when blood with only a few bacteria present is tested by PCR, each 
procedure must be carefully designed and performed. 

2.1. Contamination 

Since PCR is based on DNA amplification, false-positive or -negative out- 
comes may easily occur. In particular, a single PCR cycle results in very large 
numbers of amplifiable molecules that can potentially contaminate subsequent 
amplifications of the same target sequence. In fact, a primary source of 
false-positive reactions has been identified as a carryover of amplified prod- 
uct from previous reactions. Carryover contamination of reagents, pipetting 
devices, laboratory surfaces, or even the skin of workers,*^^®^ can yield false- 
positive results. To control such carryover contamination, one must prevent 
physical transfer of DNA between amplified samples and between positive and 
negative experimental controls. For this purpose, preparation of samples for 
PCR assay must be in a separate room or biosafety hood from that in which 
the reactions are performed. Using a pipette tip with an aerosol barrier is es- 
sential for avoiding cross-contamination as well as carryover contamination. 
UV exposure can also to destroy contaminating amplicons but is efficient only 
on surfaces and with amplicons greater than 300 bp in size.*''** Use of uracil 
A-glycosylase(UNG) to cleave the deoxyuridine triphosphate (dUTP) incorpo- 
rated in PCR products is considered a powerful protocol to prevent carryover 
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amplicon contamination enzymatically/^®^ particularly in a clinical laboratory 
that is extensively performing PCR. 



2.2. DNA Extraction 

Because clinical specimens have PCR inhibitors, such as hemin, which binds 
to Taq polymerase and inhibits its activity, DNA purification is important to 
avoid such effects. Extraction yield of target DNA is also a critical factor in 
the PCR detection assay for bacteria in clinical specimens, particularly when 
only a few bacteria are expected to be in specimens. Because bacteria have a 
rigid cell wall that may resist ordinary digestion protocol for DNA extraction, 
the extraction protocol for bacterial DNA in clinical specimens should be an 
additional consideration for sample preparation. 

The classical DNA extraction protocol is based on purification with organic 
solvents like phenol/chloroform, followed by precipitation with ethanol. Such 
protocol is labor intensive and takes time, providing more chance for contami- 
nation during the extraction. In this regard, a new protocol for purification of 
DNA using solid-phase carriers has been developed. This protocol is based on the 
nature of nucleic acids, which can bind to silica or glass particles in the presence 
ofchaotropic agents such as Nal orNaC 104 . There are several different types of 
such DNA extraction kit commercially available. Daugharty et examined 
the efficacy of chlamydial DNA isolation from buffy coats spiked with C. pneu- 
moniae elementary bodies (EB) using six different commercial DNA extraction 
kits. It was concluded in the report that QIAamp Blood Kit (QIAGEN, Valen- 
cia, CA) was the most sensitive among the kits tested, including the ELU-QUIK 
DNA Purification Kit (Schleicher & Schuell, Keene, NH), IsoQuick Nucleic 
Acid Extraction Kit (MicroProbe Corp., Bothell, WA), DNA/RNA Isolation Kit 
(United States Biochemical Corp., Cleveland, OH), Rapid Prep Micro Genomic 
(Pharmacia Biotech Inc . , Piscataway , N J) , and ASAP Genomic DNA Isolation Kit 
(Boehringer Mannheim Corp., Indianapolis, IN). Similar evaluation for DNA 
extractions utilizing commercial kits was also performed by other groups'^^^ '*®* 
and the QIAamp kit was found to be more suitable than other commercial and 
noncommercial methods evaluated for the extraction of DNA for PCR. 



2.3. Target Genes 

Choice of target genes as well as desing of oligonucleotide primers are 
critical elements, in determining PCR sensitivity. Even though the same gene 
is selected as a target, the sensitivity of PCR with different primer sets shows 
a 100- to 1,000-fold sensitivity difference between primer sets.*^^®^ Therefore, 
the sequence of primers is important in the sensitivity and specificity of PCR. 
The sensitivity of PCR is also dependent on the target gene selected, because 
copy numbers of genes or operons per bacterium vary. In this regard, if only 
the sensitivity of PCR is considered, reverse transcription (RT)-PCR would be 
another selection method because of the multiple copy numbers of mRNAs 
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per bacterium. However, the practical value of RT-PCR in diagnosis is limited 
because of the short life span and the vulnerability of bacterial mRNAs. 

Sequence polymorphism of a target gene is another concern in regard to 
PCR specificity. Some bacterial genes, such as the C. trachomatis outer membrane 
protein gene, have hypervariable regions within the gene.^'^^ Therefore, PCR 
products of different sizes as well as different sequences may occur between 
clinical isolates of the bacterium when such a gene is selected as a target for 
PCR. 



2.4. PCR Protocols 

There are several PCR protocols to enhance sensitivity, especially when 
dealing with small numbers of bacteria as the target. Nested PCR is one of these 
protocols for detection of only a few bacteria in clinical specimens. The pro- 
cess utilizes two consecutive PCRs. The first PCR contains an external pair of 
primers, whereas the second contains two nested primers that are internal to 
the first primer pair, or one of the first primers and a single nested primer. 
The larger fragment produced by the first reaction is used as a template for 
the second PCR. The sensitivity and specificity of DNA amplification can be 
considerably improved using such nested PCR, sometimes with 1,000 times 
more sensitivity than using a standard PCR. However, in the case of detection 
of C. pneumoniae by nested PCR in a standard solution spiked with bacteria, 
sensitivity was not always improved compared with a standard single PCR. For 
example, nested verses single PCR with primers specific for C. pneumoniae omp-1 
gene showed the same sensitivity (0.005 inclusions or 2.5 elementary bodies per 
PCR).<‘> 

A frequently encountered problem in PCR amplification of target gene 
sequences is the appearance of spurious smaller bands in the product 
spectrum. This is usually interpreted to be due to mispriming by one or 
both of the oligonucleotide amplimers to the target template. Touchdown PCR 
is designed to avoid such problems and provides a clearly specific PCR band. 
The touchdown PCR utilizes a protocol with decreasing annealing temperatures 
at every cycle from above to below the expected annealing temperature. The ap- 
plication of this technique to detection of C. pneumoniae provided an improved 
analytical sensitivity (0.004 to 0.063 inclusion-forming unit per PCR). 

Fluorescent-probe-based PCR assays with labeled primers or specific probes 
labeled with a fluorescent dye have been developed with the advantages of a 
closed system that avoids carryover contamination during the PCR reaction 
and the increased detection sensitivity for amplicons. There are two types of 
assay, real-time and endpoint, readings. The real-time PCR in particular, which 
provides quick and accurate information regarding target genes, has been in- 
creasingly utilized. This approach has the advantage of quantitating the PCR in 
the exponential phase rather than the endpoint accumulation of PCR product 
or trying to capture the PCR in the exponential phase, as was done previously in 
many quantitative PCRs. This non-gel-based technique has several other advan- 
tages over ordinary agarose gel-based technique. For instance, this system allows 




CHLAMYDIA DETECTION IN BLOOD 



69 



Primer and probe sequences (5'-^3‘) 

Sense: GGA CCT TAG CTG GAG TTG AGA TGT 
Antisense: GGA TGG AGG AGG TGT GTA TGT G 

Probe: FAM-GGT TGG GGA AAG GTG TAT TTG TAG AGT TGT GA-TAMRA 



PCR ampliflcation curves 




Standard curve for C. pneumoniae 



CanlMCiAMcAm 9 «k-i 







FIGURE 1. Real-time PCR specific for C pneumoniae 16S rRNA using TaqMan technology. The 
PCR can quantify between 1 and 10,000 Chlamydia elementary bodies. 



a large increase in throughput. The fluorescent probe assay is run in a 96- well, 
or even 384-well, format and many of the steps in the assay are automated. The 
assay is a closed system in which the reaction tube is never opened postamplifi- 
cation. In addition, it uses an automated detection system that quantitates and 
calculates die degree of fluorescence over that for the control at each cycle 
and, hence, accurately defines the cycle number and linear range for a posi- 
tive result. Even though currently there are only few reports on the detection 
and quantitation of chlamydia in blood specimens by real-time PCR, this tech- 
nique has excellent potential as a major protocol for PCR detection of bacteria 
in clinical specimens owing to these advantages. Figure 1 shows an example 
of real-time PCR specific for C. pneumoniae 16S rRNA originally developed by 
Berger et The real-time PCR by using TaqMan technology enabled us to 
quantify from 1 to at least 10,000 elementary bodies of C. pneumoniae per PCR 
assay. 
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2.5. Detection of PCR Products 

There are several different detection protocols reported for PCR products 
beside the traditional electrophoresis method on an ethidium bromide con- 
taining agarose gel. Southern hybridization with a specific probe labeled with 
a radioisotope or nonradioisotope marker to PCR amplicons has been widely 
utilized for the study of PCR specificity. This detection protocol also provides 
a higher sensitivity than that of the ethidium bromide detection method, but 
requires extra blotting and hybridization steps. The digoxigenin (DIG)-PCR 
enzyme linked immunosorbent assay (ELISA) is one of the PCR amplicon de- 
tection methods utilizing a microtiter plate and is now commercially available 
(Roche Molecular Biochemicals, Indianapolis, IN). This method involves cap- 
turing amplicons labeled with DIG by the probe immobilized onto the surface 
of a streptavidin-coated ELISA plate. The bound hybrid is detected with an 
anti-DIG peroxidase conjugate and the colorimetric substrate. This ELISA sys- 
tem has been shown to be 10 to 100 times more sensitive than the traditional 
electrophoresis method. The PCR-immunoassay detection method utilizing 
a special small device (Clearview Immunoassay Detection Device; Oxoid Inc., 
Ogdensburg, NY), which holds a membrane and a sample application pad 
containing latex beads labeled with an anti-DNP antibody, is another type of 
detection method for amplicons designed to detect specific bacteria in clinical 
isolates.^®* The membrane utilized in this system is coated with lines of anti-biotin 
and anti-DIG antibodies. Therefore, an evaluation of PCR results in utilizing this 
detection kit in clinical laboratories, which do not have electrophoresis equip- 
ment, as positive or negative] udgment is relatively easy. The application of this 
kit for detection of bacteria showed a detection limit of 1-3 organisms per PCR, 
which is 10 times more sensitive than detection of PCR products on traditional 
electrophoresis with agarose gels.^^*^ 



3. DETECTION OE CHLAMYDIA IN BLOOD BY PCR 

To date, there have been 18 reports concerning detection of C. pneumoniae 
in blood from patients with various diseases, including coronary artery disease, 
as well as control healthy subjects by PCR (Table I). The results of studies have 
shown a very wide variation in the positive rate, ranging from 0 to 72.2%. Even in 
the specimens obtained from healthy subjects the occurrence of C. pneumoniae 
DNA presence was found but the positive rate also varies between studies from 
0 to 46%. Such variation of the C. pneumoniae positive rate in blood specimens 
may be dependent on the population of patients and/or the PCR protocol 
utilized. Because there is no standard PCR protocol for C. pneumoniae detec- 
tion and no consistent pattern of positive results among various laboratories 
determined by a multicenter comparison trial of PCR assays for detection of 
C. pneumoniae, each step of the PCR protocol utilized in each study should be 
carefully reviewed. 
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3.1. C. pneMfMowiae DNA Extraction 

The amount of starting material as well as the final volume of DNA solu- 
tion appears to affect the sensitivity of overall detection. Therefore, whether 
the protocol utilized is sensitive enough or not cannot be evaluated until the 
information of these factors is provided. Five of the 18 published papers men- 
tioned in the table did not provide information as to the amount of blood tested. 
One paper used only 200 pi whole blood for study. The majority of other studies 
listed in the table utilized 5.0-10.0 ml of blood for isolation of mononuclear cells 
(PBMCs) followed by DNA extraction. Forexample, Tondella, et a/. utilized 

4.0 ml of whole blood for preparation of PBMCs. DNAs were then extracted 
from the isolated PBMCs by using QIAamp DNA mini kit and eluted in 100 pi 
of elution buffer, which means a 40-fold concentration of the original blood. 
In contrast, Smieja et utilized 8.0 ml blood and DNAs were extracted into 
50-10 pi of elution buffer using the same DNA extraction kit as that of Tondella’ s 
protocol. The final outcome of this study was, therefore, an approximately 80- 
to 160-fold concentration of the original blood. In addition, the volume of ex- 
tracted DNA applied to PCR also varies between studies, as shown in the table. 
The minimal blood volume converted from the data reported per PCR is as low 
as 18 pi whole blood per PCR. In contrast, the largest blood volume per PCR 
is as high as 4.0 ml. Thus, the difference of blood concentrations per PCR be- 
tween studies is apparent and such difference should affect the final sensitivity 
of the PCR assay. If the level of C. pneumoniae in blood is low and close to the 
low detection limit of PCR utilized, even a few-fold difference only of blood 
concentration between studies may result in different positive rate. 

Most studies utilized the DNA extraction protocol with solid-phase carriers, 
such as Qiagen columns that hold a silica gel membrane. In some studies, DNA 
extraction was performed by a standard extraction protocol such as phenol- 
chloroform and ethanol precipitation. C. pneumoniae is a Gram-negative bac- 
terium and has lipopolysaccharide and other outer membrane components in 
its cell wall, which contribute to osmotic stabilities as well as to rigidity, partic- 
ularly of elementary bodies, the infectious form that resists physical and chem- 
ical pressures in the extracellular environment. Therefore, the procedure for 
extraction of C. pneumoniae A from clinical specimens should be designed 
for bacterial DNA extraction. In fact, our study showed that when two extraction 
protocols were examined, one designed for extraction ofmammalian DNAfrom 
blood samples and one designed for extraction of bacterial DNA, the protocol 
for bacterial DNA extracted the microbial DNA more efficiently 



3.2. PCR Method 



The major outer membrane protein (MOMP) genes, such as omp-1 
(ompA)P*^ of C. pneumoniae have been utilized widely in PCR as a target gene for 
detection of this bacterium. C. pneumoniae has many outer membrane proteins, 
including cysteine-rich proteins OmcA and OmcB^^^’*®^ as well as the MOMP 
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Detection of C. pneumoniae in Blood by PCR 
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encoded by omp-1. It is known that C. trachomatis MOMP has genetic variation, 
including in amino acid sequences*^'*^* but not much information regarding 
C. pneumoniae MOMP is available. Therefore, the design of primers for MOMP 
genes must be undertaken with special care. The species-specific region of the 
16S rRNA gene is also frequently utilized as a target gene in PCR for detection of 
C. pneumoniae. In this regard, it is noteworthy that the detection sensitivity 
of the two PCRs with omp-1 versus 16S rRNA gene primers under each set of 
optimal conditions was different. The PCR for omp-1 was at least 10 times 
more sensitive than that for the 16S rRNA gene. 

It is generally accepted that nested PCR may be more sensitive than single 
PCR because of the utilization of two consecutive PCRs. However, in practice, 
nested PCR does not always give a higher sensitivity than single PCR.^*^ In addi- 
tion, nested PCR is much more prone to contamination. Therefore, detection 
of C. pneumoniae in blood that may not contain many bacteria by nested PCR 
must be carefully performed; otherwise, no other method presently can confirm 
positive PCR results. 

Multicenter comparison trial of DNA extraction methods and PCR assay 
for detection of C. pneumoniae in tissue samples has been conducted by Apfalter 
et Even though the study did not focus on the detection of C. pneumo- 
niae in blood specimens, it is noteworthy that there was no consistent pattern 
of C. pnewmoniae-positive results among the nine different laboratories by 16 
different PCR testing methods, and there was no correlation between the de- 
tection rates and the sensitivity of the assay used, including nested, single, and 
real-time PCR protocols, as determined with a panel of spiked specimens. Since 
a random distribution of C. pneumoniae within the clinical tissues utilized may be 
expected, some of the discrepancies in the detection of this organism in tissue 
samples can be explained by the random distribution of bacteria. 



3.3. Detection of C. pneumoniae in Blood 

Controversy surrounds the detection rate of C. pneumoniae in blood ob- 
tained from patients with coronary artery disease, primarily because of the lack 
of a definitive test for detecting the small numbers of C. pneumoniae present. Cul- 
ture is always considered the “gold standard” in microbiology but is difficult to 
perform for certain fastidious bacteria such as C. pneumoniae in specific clinical 
specimens. For instance, this bacterium has not been successfully cultured from 
blood samples, although its DNA can be detected in blood. Even though PCR 
enables the detection of low concentrations of bacteria in clinical specimens, 
great variability of detection is usually found in blood, as shown in the table. In 
this regard, a recent study conducted by Smieja et demonstrated the re- 
lationship between target concentrations and PCR detection rate; that is, lower 
concentrations of C. pneumoniae were only intermittently PCR-positive, and this 
relationship was predictable from a statistical viewpoint. From this point of view, 
theoretically a larger number of replicates of a PCR assay may result in a bet- 
ter chance for detecting low numbers of bacteria. In other words, the negative 
PCR results obtained from a single PCR test may not be a true negative because 
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of the low validity of detection with a lower concentration of target. Because 
the majority of the papers reporting results of C. pneumoniae detection by PCR 
in blood provided any replicate number of PCR tests, the negative results re- 
ported may possibly not be true negatives but could indicate that there were few 
bacteria, if any, present. 

The validation of the results, which showed that PCR for C. pneumoniae 
of blood is positive, is not yet solved in the majority of reports. The report 
conducted by Haranaga et validated the PCR results by immuno staining 

ofblood samples with anti-chlamydia antibody. Comparison of PCR results with 
at least another validated PCR assay that targets a different gene or a different 
sequence of the same gene is another possible way to validate the results. 

3.4. Location of C. pneumoniae in Blood 

Because C. pneumoniae is an obligate intracellular bacterium, the loca- 
tion of this bacterium in the blood should be in leukocytes, such as mono- 
cytes. Moazed et alP^^ reported that in experimental infection of mice with 
C. pneumoniae the bacteria were spread via peripheral-blood mononuclear 
cells and the authors speculated that the responsive cell vehicle may be the 
monocytes/macrophages. However, since that study did not fractionate the 
peripheral-blood mononuclear cells to determine the cell vehicle for C. pneu- 
moniae, it was not clear which peripheral-blood mononuclear cells acted as the 
vehicle. In this regard, it is currently reported that C. pneumoniae DNA can be 
recovered from CD3-positive peripheral-blood leukocytes from patients, sug- 
gesting that lymphocytes may serve as a host cell for C. pneumoniae. In fact, our 
study also demonstrated that C. pneumoniae can infect and proliferate in lym- 
phocytes in Because lymphocytes do not have any antimicrobial system 

within a cell, this cell can be a good harbor for C. pneumoniae in vivo. In addition, 
the lymphocytes infected with C. pneumoniae may be an important host cell for 
dissemination of the organisms as well as possibly alter lymphocyte functions 
and certain immune mechanisms in an infected individual. 

3.5. Association of Blood C. pneumoniae with Cardiovascular Disease 

Because a number of reports in terms of seroepidemiological, pathological, 
microbiological, experimental infection model, and clinical trial studies impli- 
cate that C. pneumoniae may be involved in the pathogenesis of atherosclerosis. 
If the prevalence of C. pneumoniae in peripheral blood specimens obtained from 
patients with cardiovascular disease is high compared with control subjects who 
do not have any atherosclerotic disease, the detection of C. pneumoniae in blood 
can be a superior epidemiologic tool for prospective studies assessing the contri- 
bution of infection to human cardiovascular disease. As shown in the table, a 
number of groups have conducted studies to determine C. pneumoniae DNA in 
peripheral blood mononuclear cells from patients with or without cardiovascu- 
lar disease. The largest size of patients tested for detection of C. pneumoniae in 
blood is thatofthe study by Wong etaP*^^ More than 900 patients with coronary 
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FIGURE 2. Detection of C. pneumoniae DNA in PBMCs obtained from healthy donors by PCR. 
Arrow, the specific PCR product (197 bp); M, molecular weight marker; N, negative control; 
P, positive control; 1 through 14, donor number. (From ref. 19) 



artery disease were assessed for the presence of C. pneumoniae in blood. They 
found an association between coronary atherosclerosis and C. pneumoniae de- 
tected in men. However, when the subjects were expanded to both genders, 
there was no significance concerning the prevalence of C. pneumoniae in blood. 
Smieja etalS'^^^ examined the nine published studies by meta-analysis and found 
a pooled prevalence of 252 of 1763 (14.3%) in cardiovascular disease patients 
versus 74 of 874 (8.5%) in controls. The pooled odds ratio, using a random- 
effects model, was 2.03 (95% Cl: 1.34, 3.08, P< 0.001). However, the studies 
did not consider other cardiovascular risk factors. Without adjustment for such 
other risk factors, they concluded that cardiovascular patients had a higher 
overall prevalence of C. pneumoniae in blood than control subjects. 

It is noteworthy that control healthy subjects also showed the presence of 
C. pneumoniae in their blood (Fig. 2) but the prevalence was low in some studies. 
The majority of studies, including ours,^^^* showed a prevalence of around 9% 
in control healthy subjects. Thus, it seems likely that circulating C. pneumoniae 
DNA in blood is present at least in a significant fraction of the “healthy” popula- 
tion. The correlation of C. pneumoniae detection in blood and atherosclerosis is, 
therefore, difficult to be concluded because of the limited number of patients 
as well as variation of technical factors affected by the PCR utilized. Neverthe- 
less, it is obvious that C. pneumoniae DNA is present in the blood of a significant 
fraction of the adult population, including both patients and healthy people. 



4. CHLAMYDIA ANTIGEN DETECTION BY EMMUNOSTAENING 

Demonstration of bacterial DNA by PCR is considered only indirect ev- 
idence because the PCR is based on the amplified results. Therefore, many 
technical pitfalls can affect the final results and false-positive or -negative results 
are easily introduced, as discussed above. In this regard, direct demonstration 
of C. pneumoniae by immunostaining with specific antibody is considered more 
specific in some studies. However, the chance to capture chlamydia antigen by 
staining should be low because the level of bacteria in blood is predicted to 
be minimal. Two studies by Bodetti & Timms*^^^ and ourselves^*®^ have been 
conducted to detect C. pneumoniae antigen in blood specimens by immunos- 
taining with genus- and species-specific FITC-conjugated monoclonal antibod- 
ies. Both studies demonstrated the presence of chlamydia antigen by staining 
in blood samples obtained from healthy subjects. As shown in Fig. 3, even 
though they were few in number, the usually small chlamydia inclusion bodies 
in the PCR-positive sample preparations showed the typical apple-green stain. 
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FIGURE 3. Representative micrographs of PBMC specimens obtained from healthy donors 
stained with FITC-conjugate chlamydia antibody. Arrow indicates chlamydia antigen. Magnifi- 
cation, xl,000. (From ref. 19) 



In contrast, no inclusion bodies stained with chlamydia antibody were observed 
in PCR-negative sample preparations. 



5. CONCLUSIONS 

It has been widely believed that the blood of healthy individuals should be 
germ-free. However, as discussed in this chapter at least a significant fraction 
of the healthy population carries C. pneumoniae in their blood without any clin- 
ical symptoms. Because the detection of bacterial antigen, including DNA, in 
blood may not prove the viability of the bacteria, validation of viability of the 
organisms determined by PCR is essential for study of Chlamydia infection in 
certain inflammatory diseases, including atherosclerosis. In addition, the level of 
C. pneumoniae in blood is also important in determining whether this bacterium 
is involved in certain diseases because healthy subjects also carry this pathogen 
in their blood. Thus, there are still many questions which are currently being 
investigated by several study groups, including ours. 
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Chlamydia pneumoniae 
Infection and Diseases: 
Immunity to Chlamydia 
pneumoniae 

HELJA-MARJA SURCEL 

1. INTRODUCTION 

Chlamydia pneumaniae is an obligate intracellular pathogen that has a unique 
biphasic life cycle including extracellular but metabolically quiescent elemen- 
tary bodies (EBs) and intracellular metabolically active reticulate bodies (RBs). 
Although a detailed knowledge of the protective immunity for C. pneumoniae 
infection is limited, available literature indicates that the most important parts 
of the immune mechanisms are comparable to those in C. trachomatis infec- 
tions. Cell-mediated immunity and especially participation of type 1 T cells 
and interferon-7 (IFN-7) are crucial for eradication or limitation of the in- 
fection at a culture negative stage. Primary infection induces development of 
antigen- specific immunity, which mediates an improved recovery from reinfec- 
tion in mice. In humans, immune protection is difficult to evaluate but the 
reduced incidence of serious pneumonia in the case of reinfection can be 
regarded as a sign of partial protection. This review summarizes the current 
understanding of the basic characteristics of C. pneumoniae-\t\A\xce.A immune 
response. 
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2. INNATE IMMUNE MECHANISMS 

C. pneumoniae is generally transmitted from person to person via the res- 
piratory route/'’^* where mechanical barriers and innate immune mechanisms 
comprise the first defense systems of the host. Epithelial cells lining the tra- 
chea and nasopharynx are the first cellular barriers against inhaled pathogens. 
Infection of airway epithelial cells can trigger a preliminary cascade of pro- 
and antiinflammatory immune reactions (secretion of IL-8, prostaglandin-E 2 
and expression of the epithelial adhesion molecule- 1) that initiate drifting of 
polymorphonuclear neutrophils (PMN) and acute inflammation. Accord- 
ingly, experimental C. pneumoniae pneumonia in mice begins with local infil- 
tration of PMN in the early stages and mononuclear cells in the later stages 
of the infection. The onset of acquired antigen- specific immune responses 
depends on the speed of microbial dissemination from the initial site to local 
lymph nodes.^*°* 

A preliminary pulmonary infection occurs in the alveoli, where the in- 
vading Chlamydia undergoes phagocytosis by dendritic cells*^"^ or alveolar 
macrophages. *^*^’*^^ Alveolar macrophages are important in regulating both an- 
timicrobial immunity and nonspecific inflammation in the lungs. Prompt de- 
struction of intracellular microbes is dependent on the macrophage activation 
and associated microbicidal processes by reactive oxygen and nitrogen interme- 
diates. Many intracellular pathogens have, however, evolved specific strategies to 
resist the antimicrobial activities. Chlamydia can modify the metabolic pathways 
within eukaryotic cells by inhibiting the phagolysosomal fusion and replicating 
in a special nonacidic chlamydial inclusion. The inhibition involves mod- 
ification of vacuolar membrane by microbe-specific proteins that are expressed 
early in the infectious process. Thus, C. pneumoniae can survive and be 
metabolically active and can even multiply within phagocytes. ^**“^** 

The innate immunity during C. pneumoniae infection is hardly sufficient to 
eliminate Chlamydia. As the number of chlamydial particles eventually increases, 
inclusion becomes maturate and chlamydial EBs that are released from infected 
host cells disseminate further into the lymph nodes and into other tissues. 

The migration of some infected macrophages and dendritic cells to regional 
lymph nodes contributes significantly to the initiation of the antigen-specific 
immune response.*^^°* 

It is not known how often C. pneumoniae infection proceeds to symptomatic 
illness, but experimental animal models suggest that this microorganism is quite 
invasive. C. pneumoniae can be isolated by culture from mice lungs within a few 
days after inoculation. Isolation is successful from all infected animals inde- 
pendent on the genetic type, but certain differences can be detected in the 
characteristics and kinetics of developing immune responses. It is no- 
table, though, that the inoculation doses used in the experimental models are 
often high, and thus it is difficult to draw clear-cut conclusions into the events 
following in vivo exposure in mice, not to mention in humans. C. pneumoniae 
disseminates rapidly from the lungs to the spleen and aorta*^^^’^^’^®^ and can 
pass from monocytes to endothelial cells*^^®* and to smooth muscle cells.*^^°^ In- 
fection is self-limiting in mouse and induces protective immunity that is seen 
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as faster microbial eradication and stronger inflammation response upon re- 
infection than in primary infection/*’^^’^®’^'^ The acquired immune response, 
both humoral and cell-mediated, is detectable from 1 to 2 weeks after the pri- 
mary infection, it occurs in parallel with detected inflammation mediated by 
mononuclear lymphocyte accumulation in the lungs, and is comparable 
to the dynamics of immune response to most intracellular bacteria, including 
C. trachomatis}^'^^^^^ 



3. T HE ROLE OF MACROPHAGES IN C. pneumoniae IMMUNITY 

Monocytes/macrophages and dendritic cells participate in the develop- 
ment of antigen-specific cell-mediated immunity by (1) acting as antigen- 
presenting cells (APC) andby (2) secretion of pro- (TNF-a,IL-6,IL-l,IL-12) and 
antiinflammatory (IL- 10, IL- 13, TGF-p) cytokines, which mediate the 
influence of APC into other cells of the immune system. In particular, the bal- 
ance of IL-12 and IL-10 is crucial in regulating the development and functional 
characteristics of T cell responses. 

According to the traditional concept of antigen processing and presenta- 
tion, the APC present antigens to CD4-H and CD8-I-T cells in the context of major 
histocompatibility complex (MHC) class II and class I molecule, respectively.*^®* 
In general, MHC class II molecule binds and presents antigens that are processed 
in the endocytic pathway whereas class I molecule binds peptides that are pro- 
cessed in the cellular cytoplasm derived from endogenous antigens. Chlamydia 
grows in the endocytic vesicular pathway and generally avoids a fusion with 
MHC class Il-containing endolysosome,**"** but chlamydial peptides processed 
by professional APC are more likely to be presented by MHC class II molecule to 
CD4-H cells.*®'*’®®* Description of genes in the chlamydial genome that encode 
proteins for type III secretion system*®®’®** and demonstration of C. pneumoniae 
proteins secreted into the host cells’ cytoplasm*®^’'**** suggest that some chlamy- 
dial peptides are available for MHC class I presentation. This supports the ob- 
servations of class I restricted CD8 h- activation during C. pneumoniae infection 
in humans*®'*’'*** or in mouse.*®®’'*® '*®* 

Cytokine-mediated regulation of cell-mediated immunity occurs either by 
the supporting or inhibiting of T cell responses by the proinflammatory IL-12 
and IL-18 or the antiinflammatory IL-10, respectively. IL-12 and IL-18 induce 
activation of type 1 T cell responses and secretion of IFN-y, which is acknowl- 
edged as the most important cytokine controlling Chlamydia infections, *'*'*“'*®* 
including C. pneumoniae infection.*®® '*®”'*®* IFN-y controls Chlamydia infection, 
by not only regulating the cytotoxic T cells but also through direct induction 
of nitric oxide synthase and the nitric oxide production in the macrophages 
as well as tryptophan depletion that inhibit chlamydial growth.*'**’®**’®** On the 
other hand, dominant secretion of IL-10 from macrophages and subsequently 
IL-4 secretion from type 2 T cells, are associated with susceptibility to C. tra- 
chomatis infection, poor elimination of the microorganism and appearance of 
granulomatous and fibrotic reactions in mice*'**’®®* and scarring trachoma*®®* 
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or tubal factor infertility in humans . Corresponding relationship of IL- 10 or 
other type 2 cytokines with increased susceptibility to C. pneumoniae infection 
has been demonstrated inmice/^®’"^^^ 

As type 1 and type 2 cytokines are functionally antagonistic early 
presence of IL-12 and IFN-y is crucial for bacterial clearance and T cell po- 
larization. It can be postulated that the early stage of emerging Chlamydia im- 
munity depends on the innate defense mechanisms. Secretion of IL-12 by NK 
cells*^^^^ and IL-18 by infected epithelial cells*^"^^ interacts synergistically and pro- 
motes a type 1 cytokine differentiation pattern of macrophages (the balance 
of IL-12 and IL-10) and other APC. The observation that IFN-y gis produced 
also by macrophages as a response to stimulation with live bacteria*^^®’^®* or 
with IL-12, IL-18, or IFN-y itself^®' suggests that autocrine IFN-y release from 
macrophages participates in the control of early stages of immune response pro- 
viding that the macrophages have capacity for rapid recruitment to the site of 
infection. 

The basic mechanisms that ultimately control the balance between secreted 
pro- and antiinflammatory cytokines are not well known. The role of primarily 
infected host cells is probably more important than presently acknowledged, and 
the activation stage of APC may well play a crucial role in the developing immune 
response although in vivo evidence for the association of different macrophages 
and fate of immune response are lacking. Chlamydia-'mfe,cte,d dendritic cells 
show upregulated MHC class II expression in vitro^^^^ and are superior in terms 
of antigen processing and inducing type 1 T cell responses during Chlamydia 
infection.^®*’®^^ Although monocytes are superior over macrophages in suppress- 
ing the development of infectious progeny of C. pneumoniae Ebs,^^°’®^^ the cy- 
tokine secretion is comparable between the cell types upon in vitro infection. 
Accordingly, alveolar macrophages are known as poor APC.®® Presumably, 
when acting as the primary host cell for chlamydial EBs, alveolar macrophages 
may provide a reservoir for lengthened C. pneumoniae infection^ and sup- 
port inflammatory responses that are characteristic to C/z/amy<fifl-associated 
diseases. 



4. ACQUIRED IMMUNITY 

4.1. Effector Mechanisms of Protective Immunity 

Since the middle of 1990, when cell-mediated immunity was acknowledged 
to be crucial forprotection against C. trachomatis infection,*'*®’®®"®*^ animal mod- 
els have been developed to investigate the cell-mediated immunity and its effect 
mechanisms in C. pneumoniae infection. The experimental approaches have so 
far disclosed the role of CD4 h- and CD8-H cells and that of different cytokines 
in protection against C. pnenmoniae infection (Table I). 

T cells are essential for protection against C. pneumoniae infection in a 
mouse model*^"*^^ and their number increases dramatically in mouse lungs during 
reinfection. The number of both CD4-H and CD8 h- T cells is increased,^^®^ both 
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TABLE I 



Summary of Studies to Define Immunological Parameters in Acquired Immunity 
to C. pneumoniae Infection 



Method 


Deficiency 


Major outcome 


Refs. 


Adoptive transfer of 


IgG antibodies 
T cells 


None 


No protection to nude mice 
Not studied 


69 


In vivo depletion of 


CD4-I- 


CD4-I- T cells 


Infection kinetics comparable to 
tvild type mice in primary and 
reinfection 


69 


CD8-I- 


CD8-I- T cells 


Slightly impaired clearance at the 
early stage of primary infection 
but infection clearance 
comparable to wild type mice 
Impaired protection in 

reinfection; infection kinetics 
comparable to primary 
infection in wild type mice 


69 


Neutralization of 


IFN-Y 




Increased number of bacteria in 
the lungs 


47 


IH2 




Impaired kinetics at the early 
stage of primary infection 
but infection clearance 
comparable to wild type mice 


129 


Gene knockout 


Nude 


T cells 


No clearance 


69 


Scid 


T- and B-cell 
immunity 


No clearance up to 60 days of 
follow-up 


26 


CD8-/- 


CD8 T cells 


Impaired kinetics at the early 
stage of primary infection; 
infection cleared in 60 days 


26 


CD4-/- 


CD4 T cells 


Impaired kinetics but priman’ 
infecdon cleared in 60 days 




CD4-/-;CD8-/- 


T cells 


No clearance of primary infection 
up to 60 days of follow-up 


26 


ifn-yr-/- 


IFN-Y receptor 


No clearance 


26, 48 


TNFRp55 


TNF receptor p55 


Impaired clearance 


26 


IL-12"/- 


IL-12 


Impaired clearance 


48 



the subpopulations are apparently operating in protective immunity and neither 
of them is absolutely essential for clearance of primary infection in BALB/c 
or C57B1 mouse strains However, genetically altered mice lacking CD8+ 
cells are slightly more susceptible to infection than immunocompetent wild- 
type mice or mice lacking CD4 h- cells, and CD8-I- T cells are especially crucial at 
the early phase of infection/^®^ Furthermore, the acquired protection detected 
in reinfection is abolished if mice are treated with monoclonal antibodies to 
deplete CD8 h- cells/®* There are less data for the role of CD4 h- T cells although 
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they are important at a later stage in the primary infection and for protection/^®* 
Worth noticing is that the relative role ofT cell subpopulations in resolution 
of and protection from the infection is dependent on host species, the site 
of infection, inoculation dose, and chlamydial strain used in the experimental 
studies/^®* 

Protective impact of T cells involves promotion of type 1 responses by ac- 
tivating other inflammatory cells, monocytes and macrophages, and cytotoxic 
T cells and B cells via cytokine secretion. Absence of IFN-y in knockout mice or 
in mice treated with IFN-y-neutralizing antibody has demonstrated die central 
role of IFN-y for the control C. pneumoniae infection in mice.*^®* The conven- 
tional view is that IFN-yis derived from CD4-H T cells but experimental evidence 
from C. pneumoniae-inftcted mice has revealed that the impact of CD8 h- may 
also base on their IFN-y-secreting capacity.*^®* CD8-H T cells can differentiate 
and produce similar cytokine patterns as CD4-I- cells.*’** However, the secreted 
levels are often lower compared to that from CD4 h- cells. CD8-H cells may kill 
their antigen-presenting target cells before full cytokine activation occurs.*’^* 
According to Rottenburg eta/.*’®* CD8-mediated protective immunity to C. pneu- 
moniae infection was not related with perforin, suggesting that the cytotoxic 
role of CD8 cells was less significant than their regulatory one mediated by their 
IFN-y-secreting capacity. 

In terms of the role of CD4-H or CD8 h- cells in C. pneumoniae immunity, 
the key question is in the route of antigen presentation and which host cells are 
eventually infected. MHC class II molecules are constitutionally expressed on 
professional phagocytes (macrophages and dendritic cells) and only occasion- 
ally on other cells such as activated endothelial cells, which means that MHC 
class Il-restricted T cell defense is somewhat limited in terms of C. pneumoniae, 
which can invade and live in multiple different host cells. MHC class I molecules 
are expressed on all nucleated cells. Thus CD8-I- cells have potential for more 
comprehensive antigen recognition than the MHC class Il-restricted CD4-H 
cells, which may expound their observed role in the early defense during in- 
fection. In addition, CD8-I- are particularly prominent in mucosal tissue, where 
they may participate in the first line defense against potential pathogens and 
fulfill an immunological gatekeeper function.*’^’’'** 



4.2. Cell-Mediated Immunity in Humans 

C. pneumoniae infection induces development of a definite antigen-specific 
cell-mediated immune response that can be detected in humans*^"* ’® ’®* and 
in mice*^®* by a positive lymphocyte proliferation (LP) or IFN-y***'** response 
against recalled chlamydial antigen in vitro. The LP responses appear positive at 
the same time as the antibody responses starting to increase at 3 weeks and peak 
at 8 to 9 weeks after the onset of pneumonia symptoms.*®"*’®* As expected, after 
the active phase of infection and the immunization, the specific LP response 
decays but it remains at a clearly higher level than before infection — lasting 
so for years without known reinfection (Surcel et al., unpublished data). High 
prevalence of C. pneumoniae infection can be confirmed by analyzing the LP 




IMMUNITY TO C. pneumoniae 



87 



reactivity, which shows an even higher prevalence of positives than the analysis 
ofIgG antibodies does in Finland (90 vs. 78%).^’^' 

CD4+ T cell activation generally dominates over CD8+ when circulating 
lymphocytes of C. pneumoniae-iesponding healthy people are infected in vitro 
with C. pneumoniae (Surcel et al., unpublished data).^^"^^ Studying the develop- 
ment of cell-mediated immunity to C. pneumoniae, Halme etal. have found that 
C. pneumoniae-induced T cell activation was linked with both CD4-I- and CD8-H 
cells during the active stages of a primary infection, but at later stages the relative 
proportion ofCD4-i- cells is higher than those ofCD8-t cells. 

LP response to both C. pneumoniae and C. trachomatis cell-mediated reac- 
tivity too is mainly species-specific during the primary infection. The 
specificity of the LP response is supported by the lack of correlation between 
C. pneumoniae- snd C. trachomatis— induced response. In general, the C. 
pneumoniae responses are clearly higher in seemingly healthy, seropositive pop- 
ulation (Fig. 1), whereas the C. trachomatis-indnccd LP responses are signifi- 
cantly higher in women with Chlamydia-associated tubal factor infertility (Surcel 
etal., unpublished data) In contrast, in primary infection in healthy people, 
circulating lymphocytes of angiographically confirmed coronary heart disease 
patients respond vigorously not only to C. pneumoniae but also to C. trachomatis 
antigens, suggesting that conservative chlamydial structures dominate over the 
species-specific ones as targets for the cell-mediated responses. 

In the general population, there is no correlation between the levels 
of cell-mediated responses and the C. pneumoniae-specific serum IgG and 
IgA antibodies, which is in agreement with the corresponding data on 
the relationship between humoral and cellular responses in patients with 
oculogenital^®*^ or genital C. trachomatis infections.^^^’^^^ In contrast, in a recent 
C. pneumoniae infection, elevated IgG antibody levels correlate with significant 
LP reactivity to C. pneumoniae. C. pneumoniae-induced LP reactivity tends 
to appear, however, at a low level in individuals with elevated IgA antibodies 
compared with the individuals with elevated IgG antibodies. In general, the 




FIGURE 1. Cell-mediated responses [median stimulation index (SI) of antigen-stimulated 
lymphocytes in vitro^ to C. pneumoniae (CPN) and to C. trachomatis (CTR) EB antigen in subjects 
with acute respiratory infection (acute CPN), with chlamydial infertility (TFI) or in healthy 
controls. 
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relationship of lowered LP response and elevated IgA levels is particularly re- 
lated to smoking*^*^' As smoking is clearly associated with chronic C. pneumoniae 
infection^*^’®^\ the increased susceptibility may result from cigarette smoke- 
induced impairment of the immune system^®^' or its switch to type 2 immune 
reactivity that is not optimal for the eradication of Chlamydia. 

As expected, the LP responses in humans are not induced by only a 
single antigen but by multiple C. pneumoniae proteins. To search the anti- 
gens that are central in inducing the C. pneumoniae-spsciiic T cell responses, 
Halme et used size-fractionated (SDS-PAGE) chlamydial EB proteins as 
lymphocyte-stimulating antigens in in vitro cell cultures. Species-specific antigens 
were located at molecular weight (MW) ranges 92-98, 51-55, 43^6, and 31-33 
kDa, and the genus-specific antigens were at MW ranges 65-70, 46-49, 26 and 
12 kDa. The most frequently recognized antigens were found at MW ranges 100- 
125 kDa and at 50-55 kDa in one study with 30 subjects*^^®’*®' Characterization of 
the T cell-stimulating C. pneumoniae proteins has not yet been performed, and 
no data are available on the protective or immunopathogenic role of individual 
C. pneumoniae proteins in human immunity. Characterization of the protective 
T cell antigens in mice are in progress in connection with vaccine development 
and are described in more detail elsewhere in this book. 



4.3. Immune Escape 

The immune escape of Chlamydia within the host include mechanisms 
for evasion of T cell recognition by interfering with the expression of MHC 
molecules. C. pneumoniae can suppress MHC class II expression on human 
monocytes*^^^ or MHC class I expression on a monocytic cell line.^*®^ In this pro- 
cess, C. pneumoniae secretes a proteolytically active molecule,^^®^ a homologue 
of chlamydial protease-like activity factor of C. trachomatis, which can degrade 
constitutive transcription factors RFX5 and USE-1 molecules needed for MHC 
antigen transcription during microbial infection. On the other hand, 
Chlamydia-induced or IL-10^*®^ secretion by infected macrophages 

has been linked with the inhibition of IFN-7<iependent expression of MHC 
molecules. This kind of survival strategies may be augmented by an enhanced 
infectious dose. In a recent study, increasing infectious doses of C. pneumo- 
nia EBs in human monocytes was associated with an inverted relationship 
of IL-12 and IL-10, impaired T cell responses, and reduced MHC class II 
expression.^®^^ This suggests that locally accelerated growth of C. pneumoniae 
may interact with the developing immune responses and support conditions 
under which the infection can progress and remain chronic in susceptible 
individuals. 



5. C .pneumoniae — ANTIBODIES 

Detection of C. pneumoniae-s'pecific antibodies in human sera was the 
key to discovery of a new Chlamydia species in the 1980s^®^' first associated 
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with pneumonitis Since the identification of C. pneumoniae and the 
development of a microimmunofluorescence (MIF) test for the antibody 
analysis/^^’®^^ several seroepidemiological studies have been conducted to en- 
large the epidemiological and immunological knowledge on C. pneumoniae 
infections. The MIF assay recognizes conformational epitopes on intact chlamy- 
dial EBs and is generally considered species-specific and the gold standard for 
C. pneumoniae serology. Enhanced production of antibodies against genus- 
specific EPS, especially at an acute stage of Chlamydia infection, may, however, 
interfere with this specificity. Moreover, some of the surface exposure epitopes 
may be conservative (such as Hsp60 antigen), and primary induction of such 
response by other Chlamydia species or even other bacteria may add to the in- 
terference. 

The C. pneumoniae-md\\ce,d antibody response pattern comprise some di- 
agnostically useful properties that are generally utilized to differentiate primary 
infection from reinfection. Primary C. pneumoniae infection is characterized by 
the IgM response that appears 2-3 weeks after the first symptoms of the illness. 
Delayed IgG response appears 6-8 weeks after the illness. Reinfection is 
usually recognized by the absence of the IgM response and more rapidly appear- 
ing IgG response than in the primary infection. Continuously detected high 
levels of IgG antibodies can be indicative for chronic or repeated infections, 
and differentiation of these two may often be impossible. 

IgA antibodies are only occasionally found during the primary infection 
but appear frequently in the reinfection. Activation of mucosal immu- 
nity against C. pneumoniae has been observed. Level of C. pneumoniae-specific 
secretory IgA detected in sputum correlate with the levels of circulating IgA.*^®^^ 
Some of the antibodies are bound to immuno complexes. The significance of 
immuno complexes in the course of immune mechanisms is not clear. *^*’*°°' 

A positive antibody response is not necessarily linked with the symptoms of 
illness but it can be detected as well in asymptomatic subjects without clinical 
evidence of respiratory infection.^^****^ Although detection of chlamydial organ- 
isms in clinical specimens correlate with the presence of antibodies, absence 
of seroconversion has been documented in children who were diagnosed with 
an acute, culture-positive C. pneumoniae infection. This suggests that 
C. pneumoniae carriage may occur even without immune responses. C. pneumo- 
niae carriage that can be demonstrated using PGR technique appears to be 
uncommon in subjectively healthy seropositive adults, the prevalence being less 
than 5% of that in the general population. Asymptomatic carriers may, 
however, spread the infection as has been suggested on the basis of military 
outbreaks in Einland^^^^ or in Seattle.*^*®*' 

C. pneumoniae-spe.cif\c antibodies are principally acquired in developed 
countries at the early school age. In the United States, first C. pneumoniae in- 
fection occurs between ages 5 and 14 years*'°®^ and positive antibody levels are 
usually detectable for 3-5 years.^"°^ Reinfections are common, and the sero- 
prevalence increases by age in the population.^ *°^“*"* The prevalence and the 
geometric mean liters of C. pneumoniae-spQC\f\c antibodies are often higher in 
men than in women. This suggests that the exposure rate and the immune 
responses or the general susceptibility to C. pneumoniae infection are different 
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between men and women. The reasons for this gender dependency are not 
known but cannot be explained merely by smoking habits. 

The contribution of antibodies in protection against C. pneumoniae infec- 
tion is not known. Passive transfer of C. pneumoniae-specific IgG antibodies in 
nude mice did not help to clear the infection from the respiratory tract.*^®^* 
Antibodies that are targeted to the antigen determinants of the C. pneumoniae 
EB surface are able to neutralize the infectivity of C. pneumoniae in vitro 
and in vivo^^'^^ The actual contribution of neutralizing antibodies to protective 
immunity against C. pneumoniae infection is undefined. The effect of neutral- 
izing antibodies to C.trachomatis^^^'^~^^^\s mediated by preventing chlamydial 
EBs to attach to the host cells^^^"^ '^^* or replication.**^®’ A recent report of 
Moore et emphasizes the role of antibodies as supportive to T cell acti- 

vation by mechanisms that involve enhanced antigen uptake, processing, and 
presentation. 



6. CONCLUSION 

C. pneumoniae has excited considerable attention during the last decade, 
not only as a respiratory pathogen but because of its association with a num- 
ber of acute and chronic diseases, including atherosclerosis. The true linkage 
and causality of C. pneumoniae infection in the development of chronic mani- 
festations remain puzzling. Efficient activation of type 1 T cell responses and 
secretion of IFN-^ mediates immune defense and provides improved recovery 
from reinfection. However, the factors that expose some individuals to impaired 
clearance of Chlamydia or drive immune responses to pathogenic ones are not 
known. The role of host genetic background, HLA molecules and cytokine gene 
polymorphism, environmental and epidemiological factors, mixed infections, 
and species or dose of the infecting agent probably all interact in a final balance 
of the immune defense mechanisms. A better understanding of the immunoreg- 
ulatory processes during chlamydial infections in humans is necessary to furnish 
a novel immunotherapeutic strategy for treatment of acute C. pneumoniae infec- 
tion and thereby to prevent development of disease manifestations that are 
associated with chronic or repeated infections. The understanding is facilitated 
by answering to the question whether the susceptibility for repeated infections is 
due to impaired type 1 response or activation of type 2 responses. Tbe impact of 
primary host cells into developing immunity is a question of major importance 
and should be studied in bumans. 
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1. INTRODUCTION 

The introduction of vaccines during the early part of the last century and the 
introduction of antibiotics and modern hygiene practices a few decades later 
contributed to the decline ofinfectious diseases responsible for much of the mor- 
bidity and mortality of humans during recorded history. Although immunization 
is the most cost-effective and efficient means to control microbial diseases, vac- 
cines are not yet available to prevent many major bacterial infections. Examples 
include chlamydial infections, dysentery (shigellosis), gonorrhoea, gastric ul- 
cers, and maybe even cancer (Helicobacter pylori). Moreover, while some vaccines 
against external bacteria or bacterial products have been successful, vaccines 
against many intracellular bacteria are more difficult or so far impossible to 
produce. Improved vaccines are also needed to combat some diseases such as 
TB for which current vaccines are inadequate. However, vaccine development 
appears not to be highly profitable: worldwide, vaccine potential sales are es- 
timated to be approximately $6.5 billion, which represents only about 2% of 
the global pharmaceutical market, an amount roughly equivalent to the sales of 
one successful ulcer drug. The costs of vaccine development to the commercial 
sector are also huge and the process lengthy (5-10 years). 

Vaccines against chlamydial infections are also lacking. Development of 
chlamydial vaccines also implies scientific challenges of understanding the 
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complex biology and antigenic structure of these bacteria. These issues will 
be analyzed here, in relation to C. pneumoniae in particular. 

A heightened understanding of protective immunity to C. pneumoniae in- 
fection is emerging from studies using a mouse model of chlamydial respiratory 
infection. The insights are of considerable interest and offer promise for the 
development of an efficacious chlamydial vaccine. The availability of complete 
genome sequences, including that of C. pneumoniae, has revolutionized the 
possibilities of developing vaccines. Never before has there been a catalogue of 
all vaccine candidate molecules from which to choose the one most likely to 
be effective. How to arrive at ajudicious decision on which of the many candi- 
dates to take forward into the experimental and human trials is now where the 
challenge is shifted to. 



2. DO WE NEED AN ANTI-C. pneumoniae VACCINE? 

A better knowledge of the natural history of C. pneumoniae is required in 
order to identify the target populations to be vaccinated against C. pneumoniae 
and to decide whether prophylactic and/or therapeutic vaccines would be most 
desirable. The issue of chronic infection versus repeated infection; persistent 
quiescent infection (which has been unquestionably shown in vitro^^^ ) or per- 
sistent active infection; the presence of periods of reactivation and the clinical 
significance of super infection, need further studies. 

Whether there are sufficient benefits toj ustify children’ s vaccination seems 
at present unlikely , since chlamydial respiratory tract infection in children is gen- 
erally mild. However, transmission of infection to siblings or parents, and the 
consequences of infection in asthmatic pediatric patients may here be significant 
parameters to consider.^'*^ The prevention of arteriosclerosis by blocking C. pneu- 
moniae infection is unlikely to provide a justification for a vaccine for children, 
until a truly causal role of C. pneumoniae in the development of atherosclerosis 
has been shown to exist. If C. pneumoniae is proven to be a cause of atherosclero- 
sis, a therapeutic and effective vaccine would be ofimmense value. In fact, the de- 
velopment and use of an effective C. pneumoniae vaccine might provide the best 
experiment to investigate the role of C. pneumoniae in cardiovascular disease. 

An improved understanding of the biology of C. pneumoniae in adults is 
also necessary tojustify a vaccine for this group. The elderly might be a realis- 
tic target for vaccination since the impact of a respiratory tract disease caused 
by C. pneumoniae can here be serious. Likewise, there is increasing evidence of 
the involvement of C. pneumoniae infection in bronchial asthma, and a patho- 
logical role of this agent in immunocompromised patients has also begun to 
be appreciated. Thus, adults suffering from chronic bronchitis, asthma, or 
chronic obstructive airway disease (COPD) might also benefit from vaccination. 



3. C. pneumoniae VACCINE DEVELOPMENT 

The complex biology and antigenic composition and the fact that infec- 
tion may generate both protective and pathological immune responses present 
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obstacles in achieving a C. pneumoniae vaccine. Chlamydial infections often re- 
cur or remain persistent, indicating absence of sterilizing immunity. However, 
studies in an experimental model of infection with the related organism C. tra- 
chomatis indicate a short-lived immunity after natural infection. The resistance 
to genital chlamydial diseases augments with age (and hence exposure), and 
vaccination with inactivated organisms produce a short-lived protection against 
ocular challenge. 

C. pneumoniae provokes a similar lung pathology in humans and rodents: 
high infective doses in mice produced acute patchy pneumonia with PMN infil- 
tration and alveolar and bronchiolar exudates, whereas lower infective doses 
produced more chronic inflammation, developing gradually with perivascu- 
lar and peribronchial lymphocyte infiltration. In the mouse pneumoni- 
tis model, bronchial ciliated epithelial cells and interstitial macrophages were 
shown to be infected after intranasal inoculation. 

The immune response against chlamydia can mediate pathogenesis, as ex- 
emplified by the sensitization to a more severe disease in individuals vaccinated 
against C. trachomatis. It is speculated that this may be due to the presence of 
proinflammatory molecules such as LPS or cross-reactive antigens with host 
molecules. Protective or adverse effects may not only depend on specific anti- 
gen (s) but also on innate immune mechanisms that are mobilized by the infec- 
tion. Diverse innate immune mechanisms are known not only to constitute a first 
barrier against pathogens but also dictate the quality of the clonal-dependent 
immune responses elicited. Thus, results from our laboratory suggest that the 
quality of specific responses against the same antigen, depending on the adju- 
vant used, would determine the outcome of infection in the direction of protec- 
tion or increased susceptibility. Unequivocally, heat shock protein-60 (Hsp60) 
and the outer membrane protein (OMP-2) could both induce protection if in- 
oculated as a DNA vaccine or in presence of CpG, whereas inoculation of these 
proteins in Freund’s complete adjuvant resulted in increased bacterial prolifer- 
ation and pathology.*^*^ This latter increased susceptibility was associated with 
enhanced Th2 immune responses. Thus, knowledge of innate immune mecha- 
nisms evoked are central in vaccine design. 

Facts about immune mechanisms involved in human or experimental 
C. pneumoniae respiratory infections are scanty compared with what is known 
about diseases caused by C. trachomatis. Knowledge from the experimental C. tra- 
chomatis infections might at least in part be supportive for an anti-C. pneumoniae 
vaccine development, since they share a common biology, with more than 80% 
of their genes being orthologs. 



3.1. Adaptive Immune Responses 

Both CD8-H and CD4-H T cells produce IFN-y in response to C. pneumoniae 
infection, and are probably complementary in warranting protective levels of 
this cytokine, which is a hallmark of Th 1 immune responses. IFN-yis needed for 
protection of mice against C. pneumoniae, as shown by the enhanced susceptibility 
of mice genetically deficient in IFN-Tf, IFN-yR, or administered with neutralizing 
anti-IFN-y antibodies. IFN-y enhances accumulation of the inducible nitric 
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oxide synthase (iNOS), indoleamine-2, 3-dioxygenase and the gp91 subunit of 
the phagocyte NADPH oxidase. iNOS activity partially accounts for the IFN-y- 
mediated protection of mice against C. pneumoniae pulmonary infection.*'**^ The 
depletion of intracellular tryptophan pools by indoleamine-2, 3-dioxygenase is 
inhibitory of chlamydial growth because of the auxotrophy of the parasite tryp- 
tophan. IFN-y may however have a dual role in controlling the outcome of 
chlamydial infection in vivo, as exposure of infected cells to high IFN-y concen- 
tration irreversibly inhibits chlamydial replication whereas lower concentrations 
induce the formation of persistent forms. Importantly, IFN-y is not only se- 
creted by T cells but also by cells of the innate immune response, such as NK 
cells, macrophages, and dendritic cells. 

Adaptive immune protection against C. trachomatis in mice can be demon- 
strated by transfer of bacteria-specific CD4-I- or CD8-H T cells. Both subsets 
are also recruited to sites of infection in nonhuman primate models. IFN-y re- 
lease by T cells has been associated to the protective ability of DNA vaccines 
against C. trachomatis. Likewise, wild-type but not IFN-yR~^~ mice were par- 
tially protected against C. pneumoniae by a DNA vaccine expressing chlamydial 
Hsp60-inducing IFN-y secretion by T cells. 

A role for CD8-H T cells in resistance to C. pneumoniae and C. trachomatis 
infection is likely, since mice depleted of CD8-H T cells by antibody admin- 
istration and CD8~, 62M“, or B2M~/TAP1~ mice all exhibited exacerbated 
infection. Specific CD8 h- T cells recognize products of chlamydial anti- 
gens expressed in the cytoplasm of the infected cells or peptides derived from 
different outer membrane proteins, chaperones, the homologue to Inca, DNAk, 
and Hsp60, and a family of 43-kDa homologues.**^“^^^ CD8-I- T cell lines gen- 
erated against such peptides lysed C. pnenwroniae-infected cells and synthesized 
IFN-y. Lysis of cells containing the intracellular replicative reticulate bodies 
would be an attractive way to interfere with infection since this form is nonin- 
fectious. However, clearance of chlamydial infections in vivo is normal in the ab- 
sence of perforin or Fas, suggesting that CD8 h- T cell-mediated cytolysis plays no 
significant role in protection.^***’^^^ However, chlamydia-specific CD8 h- T cells, 
derived from IFN-y<ieficient mice, failed to provide protection under conditions 
where the wild-type CD8-H T cells did, suggesting a role for IFN-y in such CD8-H 
T cell resistance to chlamydia. Thus, production oiWH-yhy C.pneumoniae- 
specific T cells may be critical to achieving local threshold levels, inhibiting 
C. pneumoniae growth and persistence. A major challenge here is to produce a 
strong Thl response conferring protection without immunopathology. 

Despite their intravacuolar localization, chlamydiae interact with multiple 
host cell processes to ensure that the inclusion is a safe niche for survival and 
replication. Presence of a type III secretion system allowing export of selected 
molecules from inclusion into the cytoplasm is necessary for chlamydial survival, 
but may also allow MHC class I presentation ofchlamydial antigens. However, 
of the currently identified MHC class I-restricted protein antigens, the majority 
have not been reported to be secreted into the cytoplasm. The route by which 
such peptides become presented by MHC class I molecules remains unknown. 

The relative role of adaptive immune mechanisms in control of the pri- 
mary infection is not necessarily similar to that creating resistance to a recall 
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infection. Thus, the resolution of a primary C. trachomatis infection of |i,MT 
gene knockoutmice (i.e., B cell-deficient) is equivalentto that of immunocom- 
petent wild-type (WT) mice, whereas B cell-deficient mice are in contrast to 
WT mice uniformly susceptible to reinfection and exhibit delayed clearance of 
chlamydiae,*^^^^ implicating a functional role for B cells/products in adaptive 
recall protective immunity. Antibodies binding to the elementary bodies may 
neutralize chlamydial infectivity and will reduce infection by blocking chlamy- 
dial attachment to epithelial cells. This protective mechanism is supported by 
in vitro studies showing that antibodies to the chlamydial major outer membrane 
protein (MOMP) block attachment, and subsequent infectivity, of chlamydiae 
to epithelial cells. 

Whether antibodies can play a protective role once Chlamydia has infected 
the target cell is doubtful, and even more if a persistent infection is established, 
during which assembly of extracellular forms is low or absent. However, chlamy- 
dial antigens on the surfaces of infected cells could function as ADCC targets. 

One approach to identify the elements of acquired immunity important in 
resistance to C. trachomatis is to observe how the immune system responds to 
natural infections or reinfections. However, immunity after a natural C. pneu- 
moniae inf ection is not completely protective. Thus, another equally important 
approach is to develop immunization strategies that prime those arms of the 
immune response that are most effective in reducing the replicative capacity 
of the organism, as such responses may well have been selected against during 
natural infections. 



3.2. Escape Mechanisms 

Chlamydia has developed a numbers of ways to evade aggressive immune 
responses and secure survival. Chlamydial molecules involved in such escapes 
are probably relevant in establishing persistent infections, and relevant potential 
targets for a therapeutic vaccine. 

Apoptosis of the infected cells (induced by the pathogen itself or by cy- 
tokines, NK cells, or T cells) is a common component of the antimicrobial 
response. It is thus not surprising that many pathogens have evolved inhibitory 
mechanisms against apoptosis. Chlamydia display strong antiapoptotic activity 
to evade the killing mechanisms of CD8-I- T cells. However, depending 
on the stage of development, chlamydia has also been indicated to do the op- 
posite, to induce apoptosis of infected cells. However, without killing, T cell 

recognition of infected cells may lead to local secretion of cytokines, restricting 
intracellular pathogen growth. In this respect, chlamydia also may seem to have 
evolved strategies for evading CD4-I- and CD8-I- T cell cognition. Thus, chlamy- 
dia can suppress IFN-^inducible MHC class I and II expression. One way to do 
this is by secretion of a chlamydial proteosome-like activity molecule into host 
cell cytoplasm that degrades host transcription factors RFX5 and USF-1 neces- 
sary for transcription of class I and II molecules. Chlamydia-induced IFN-y 
has also been suggested to inhibit IFN-ydependent expression of MHC class II 
proteins. 
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4 . ANTIGENS 

Like other intracellular pathogens, chlamydial biological complexity un- 
derscores the likely need of multiple target antigens in a vaccine. Use of whole 
inactivated chlamydial agents appears to be because of the presence of im- 
munopathogenic components, plus the fact that early trials indicated that tra- 
choma was exacerbated following episodes of C. trachomatis infection. On the 
other hand, a live attenuated strain of C. psittaci is used in veterinary medicine 
as a safe way to prevent abortion in ewes, suggesting that there might be hope 
for an attenuated vaccine. A live vaccine replicates like the target pathogen and 
promotes processing and presentation of antigens most similar to a natural in- 
fection. Furthermore, while replicating, a live vaccine presumably expresses all 
or most of its important target immunogens. This may be important for chlamy- 
diae, which exist in (at least) two developmental forms. Live attenuated vaccines 
could also stimulate mucosal immune responses and are capable of inducing 
systemic humoral and cell-mediated responses. Major obstacles in generating 
and isolating attenuated C. trachomatis strains are the inability to genetically 
manipulate the organism and to isolate and propagate clonal lineages. Plaque 
cloning techniques have been recently developed and will facilitate the isolation 
of clonal lineages of chlamydiae.^^^^ However, efficient genetic transformation 
systems for chlamydiae still need development. 

Dendritic cells (DC) pulsed with chlamydial antigens or infected with 
C. trachomatis can induce protection when transferred to naive animals. This 
method is based on the use of DCs that will be activated and present chlamydial 
epitopes on their MHC class I and II. Such cells are then used in adoptive cell 
transfers to autologous recipients. DC vaccines could be used as tools to unravel 
protective antigens, co-stimulatory molecules, and homing requirements. The 
ability of dendritic cells to produce IL-12 upon chlamydial-organism stimula- 
tion is required for the induction of DC vaccine protection against chlamydial 
infection. Murine DCs undergo phenotypic maturation to become activated 
upon exposure to type I interferons (type I IFNs) in vivo or in vitro and can 
also be matured by different adjuvants and used as such to stimulate adaptive 
responses. Although unlikely to constitute an alternative to other types of 
immunotherapy because of methodological constraints, protection conferred 
by DC vaccines constitute a way to obtain the proof of principle for possibilities 
to develop a chlamydial vaccine. Moreover, induction of protective immunity 
occurred following chlamydial vaccination when coinoculated with a transgene- 
based GM-CSF adjuvant, probably allowing DCs to migrate to the site of 
immunization. 

To date there has been little progress in the identification ofpromising can- 
didate chlamydia vaccine antigens. The most studied antigen here is MOMP. 
C. trachomatis MOMP is a predominant disulfide cross-linked surface protein 
and an immunodominant B cell antigen. MOMP is also the primary serotyping 
antigen. Antibodies specific to MOMP neutralize infectivity by blocking chlamy- 
dial attachment to host cells, suggesting a role of MOMP as a chlamydial ad- 
hesin (reviewed in ref. 39). MOMP has thus been the focus of many vaccination 
studies because of these important immunological properties and implication 




VACCINES AGAINST C. pneumoniae 



105 



in chlamydial pathogenesis. Recombinant MOMP, MOMP synthetic peptides, 
DNA vaccines encoding MOMP, and the passive transfer of MOMP-specific mon- 
oclonal antibodies have all been evaluated for protective efficacy. However, 
they have all yielded disappointing results with no or at best partial protec- 
tive immunity. This is also true with chlamydial vaccines using other antigens 
such as OMP-2, Hsp60, Cap-1, ADP/ATP translocase.^*’^^’^®'^' '^^' The reason 
for the ineffectiveness of MOMP as a vaccine is not known, but it may result 
from the use of MOMP immunogens that do not mimic the native structure of 
the protein. Studies of the C. pneumoniae MOMP antigenic structure have pro- 
duced a portrayal of exposure and immunogenicity different from the MOMP 
ofC. trachomatis. Whereas C. trac/jornahs MOMP varies antigenically among many 
strains, the C. pneumoniae MOMP is antigenically constant, suggesting that the 
selective pressure responsible for antigenic variation seen in C. trachomatis is 
not active for C. pneumoniae. C. pneumoniae probably behave like a more time- 
persistent intracellular organism being less exposed to anti-MOMP-neutralizing 
antibodies. Like the C. trachomatis homologue, C. pneumoniae MOMP is ex- 
posed on the surface of the bacteria and conformational epitopes can be recog- 
nized by species-specific neutralizing monoclonal antibodies as well as human 
sera.*^^®^ 

The complete genome sequence of C. pneumoniae provides, an inventory of 
all proteins potentially produced by this bacteria. Thus, no potential vaccine can- 
didates need slip through the net through ignorance of its existence. However, 
the genome revolution has brought to the forefront immense difficulties in eval- 
uating the large number of potential vaccine candidates. The challenge is now 
shifted to which on the many candidates should be taken forward. The informa- 
tion from the bacterial genome sequences allows those skilled in bioinformatics 
to classify genes and their products and identify those most potentially interest- 
ing for vaccine development. Software packages will assign function to genes, 
predict their key functions such as their cellular locations, MW, pi, etc. How- 
ever experimental biology should always supplement this information. Stephens 
has classified the genome-encoded proteins into four categories^'*^^: (1) those 
present in chlamydiae and other organisms, (2) those unique to chlamydiae, 
(3) those unique to one chlamydia species but related to those in other species, 
and (4) those unique to C. pneumoniae lacking identifiable relatives in other 
organisms. 

Proteins present in chlamydiae and other organisms (type 1) would typi- 
cally have metabolic functions common to most organisms, including proteins 
important in translation, transcription, replication, and metabolic pathways. Al- 
though generally not good candidates for vaccine — there are exceptions such 
as Hsp60 — type III secretion structural proteins constitute attractive candidates. 
Those shared by different species of chlamydia but not by other species (type 2) 
are interesting candidates for vaccination, since, in general, they would partici- 
pate in chlamydial structure or biochemistry. This category includes many outer 
membrane proteins, inclusion membrane proteins, and type III secretion effec- 
tors. Antigens unique to one chlamydial species but present in other bacterial 
species (type 3) are few and probably involved in the metabolism or virulence of 
the particular species. This set is not promising for vaccination. Those unique to 
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C. pneumoniae without relatives in other species (type 4) characterize the species 
and reflect exclusive biology and virulence traits. Their function is not known 
and thereby cannot be ruled out as vaccine candidates. 

Using immune responses to indicate genes expressed in vivo which could 
also be used for vaccine design is logical, powerful, and specific. A direct and 
innovative approach is based on the finding that amplified PCR fragments can 
be rendered transcriptionally active when inoculated into animals (i.e., DNA 
immunization). Because all candidate antigens are encoded in the genome, a 
systematic search could be realized through construction of expression libraries. 
Animals will be immunized with a representative library of pathogen DNA pre- 
pared in such a way that the encoded genes are expressed and secreted, the 
animal will be subsequently challenged and assayed for protection.*^'*"^^ Expres- 
sion libraries capable of inducing protection could be subfractionated in order 
to identify the relevant protective DNAimmunogens. Availability of the genome 
should facilitate selection since only few nucleotides of the insert DNA respon- 
sible for inducing protection need to be sequenced, and then matched to the 
whole genome sequence. The ability to identify epitopes by expression cloning 
is particularly useful when applied to organisms such as C. pneumoniae, where 
large numbers of organisms are difficult to obtain, and where techniques for ge- 
netic manipulation of the organism are unavailable. Expression libraries have 
been used to characterize antigens reactive with antibodies directed against 
chlamydia. Recently prokaryotic and eukaryotic bacterial expression libraries 
have been used to identify C. trachomatis antigens recognized by MHC class I 
and If restricted T cells.^^®’'^^' In brief, chlamydial proteins expressed by E. coli 
were processed by antigen-presenting cells (APC), or macrophage cell lines in- 
fected with retroviral expression libraries and the resulting peptide/MHC com- 
plexes screened by antigen-specific T cells. Using these approaches the antigens 
recognized by CD4+ and CD8 h- T cell lines were identified. Selection of 
unknown antigens screened with immune T cells or a panel ofT cell hybridomas 
from infected mice selected on the basis of the ability of these cells to secrete 
high levels of IFN-y if in contact with proper immunogens can be useful in 
vaccine design. This tactic could complement the approaches in which cDNA- 
encoding chlamydia open reading frames are used to vaccinate experimental 
animals to determine antigens associated with protection. 

Alternative approaches involving purification and sequencing of peptides 
eluted from MHC molecules have been used to identify pathogen-derived anti- 
gens. This technique is more applicable for identifying antigens recognized 
by CD8+ T cells, where peptides of relatively restricted defined length (8-10 
amino acids) are recognized, although this could also be used for identification 
of antigens eluted from MHC class II. 

Although this technique has still not been used in identification of chlamy- 
dial epitopes, search for chlamydial sequences encoding potential target epi- 
topes ofmurine anti-C. pneumoniae CD8+ T cells, among C. pneumoniae proteins 
likely to reach the cytosol ofinfected cells, has been performed. Sequences 
were tested for their ability to bind MHC molecules and, when coincubated with 
APC, these were recognized and lysed by C. pneumoniae-specific CTLs. 
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5. ADJUVANTS 

5.1. Activation of Innate Immunity 

Besides physical properties of the antigen additional factors affect the im- 
mune response to a vaccine. These include immune status of the host, route of 
administration, delivery vehicle, and adjuvants. Even the most promising vac- 
cines may fail to establish protection against the pathogen because ofinadequate 
delivery (adjuvants or vectors). Although safety concerns are precluded by us- 
age of subunit or epitope candidate vaccines, they are usually immunogenic ally 
meagre, and need efficient adjuvants to induce protective immunity. Incorrect 
delivery might not only fail to induce protective responses, but can in fact in- 
duce a detrimental immune profile that might enhance the susceptibility of the 
host to the infection. Adjuvants (and delivery vectors) normally act by triggering 
innate immune responses, and these in turn will allow development of specific 
adaptive responses. 

The innate immune responses will to a large extent determine the quality 
of the adaptive immune system and thereby the result of infection. The direct 
importance of the innate immune responses is further illustrated by the life 
threatening conditions observed in humans and experimental animals showing 
genetic defects in this system. For recognition of pathogens, plants, insects, and 
vertebrates have relied upon a system of receptors that share a characteristic 
cytoplasmic domain termed TIR (toll/interleukin- 1 receptor domain). Toll-like 
receptors (TLR) discriminate “self’ from pathogen-derived ligands also termed 
pathogen-associated molecular patterns (PAMPs).*^®^ Different TLRs can 
discriminate between different PAMPs. Thus, the innate immune system may 
have evolved to express different TLR (or combinations thereof) within distinct 
subsets of immunocompetent cells, such as phagocytes and dendritic cells. 
These receptors generate both shared and unique intracellular signals, which is 
reflected at the level of gene expression, resulting in distinct proinflammatory 
patterns. Various response patterns that microbes induce in dendritic cells will 
accordingly affect the differentiation of the adaptive immune responses. For 
example, signalling through different TLRs stimulates secretion of IL-1 and 
TNF-y, whereas genes such as iNOS, IL-12, and type I IFN will only be induced via 
certain TLRs. Type I IFNs have been reported to be induced in response to TLR 
3, 4, and 7, which are expressed in different cell types. Coincubation of dendritic 
cells, endothelial cells, human vascular smooth muscle cells, or peripheral-blood 
mononuclear cells with chlamydia or chlamydial components has recently been 
shown to induce TLR-mediated activation.^^®’"^’^ Whether TLR recognition plays 
a role in the outcome of chlamydial infection in vivo remains to be explored but 
is most likely. In other intracellular bacterial infections such as L. monocytogense, 
absence of TLR signalling thus results in increased susceptibility to infection. 
Innate recognition of the pathogens will determine the release of various 
cytokines that in turn will activate common or different resistance mechanisms. 
Among cytokines secreted by innate immune cells, IFN'^can control chlamydial 
infections, as shown by the increased susceptibility of (T and B cell and IFN-^ 
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signalling deficient) RAG-1~^~/IFN-7R~^“ mice compared to (T and B cell 
deficient) RAG-1“^“ mice/”*®* IL-12 as well as other cytokines can also regulate 
synthesis of IFN-y. Unpublished data from our laboratory show that type I IFNs 
(usually induced by viral infections), are induced in a TLR-dependent way by 
infection with C. pneumoniae. Type I IFNs will in turn induce IFN-y, which in an 
autocrine/paracrine way will control the infection of the infected cells/”*®^ 

5.2. Adjuvants and Delivery Systems 

Various strategies have been used to deliver immune chlamydial antigens 
to enhance protective immunity. Nonionic detergents, lipophilic immune stim- 
ulating complexes (ISCOMS) have been used with some success in the C. tra- 
chomatis model. Experimental mucosal adjuvants such as cholera or heat- 
labile enterotoxins are strategies to be further explored. Vector-mediated 
immunization with naked DNA has recently received the most attention, and 
has been successful in murine C. trachomatis and C. pneumoniae infections, and 
has also been used to screen for vaccine candidates. DNA vectors used for 
immunization usually contain CpG motifs. These motifs will stimulate innate im- 
munity through activation of TLR9-mediated signalling potent Thl responses. 
In fact, immunization of chlamydial protein antigens with CpG motifs alone has 
also induced a Thl -protective antichlamydial immunity. We have recently 
succeeded in preparing a fusion construct of CTLA4, the ligand for the cos- 
timulatory molecule B7 on APCs with the OMP-2 gene of C. pneumoniae. Such 
DNA fusion gene vaccine did improve protection as compared to a DNA vac- 
cine encoding the microbial gene alone.^*^ Plasmids encoding cytokine genes 
or coinoculation of cytokines such as IL-12 or IFN-y are strategies also to be 
analyzed for chlamydial vaccines. Use of recombinant viral and bacterial vectors 
does also provide promising delivery systems, which have been relatively less 
explored. However, Salmonella transfected with plasmids containing chlamy- 
dial MOMP has been used with success as an experimental anti-C. trachomatis 
mucosal vaccine. 



6. CONCLUSIONS 

We are in the early phases of establishing a C. pneumoniae vaccine. The 
new knowledge arising from the sequencing of the complete genome of the 
pathogen now allows for a rational analysis of a selection of vaccine candi- 
date antigens. Likewise, the availability of a murine model of infection and the 
selective-gene-deficient mouse strains add further form to the vaccine research 
in the very next few years. 
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Chlamydia pneumoniae and 
Atherosclerosis — An 
Overview of the Association 

JOSEPH NGEH and SANDEEP GUPTA 

1. INTRODUCTION 

Atherosclerosis is now acknowledged as an inflammatory disease/^“^ The major 
clinical manifestations of atherosclerotic disease include coronary heart disease 
(CHD), ischemic stroke, abdominal aortic aneurysm (AAA), and peripheral ar- 
terial disease (PAD). These in turn are among the leading causes of death and 
disability in the world. However, only about 50% of the occurrences of these con- 
ditions can be attributed to classical vascular risk factors such as hypertension, 
smoking, diabetes mellitus, and dyslipidemia.^^’"*’^^ “Novel” risk factors such as 
infection have emerged as potentially important, linking inflammation and the 
pathogenesis of atherosclerosis. (i-7) Specifically, Chlamydia pneumoniae ( C. pneu- 
moniae) is the microorganism most implicated in this “infectious” hypothesis of 
atherosclerosis, and will be the focus of discussion. 



I.I. Historical Perspectives on the Association between Infection 
and Atherosclerosis 

The idea that infection could play an important role in atherosclerosis is 
not entirely new. In fact the concept of an “infectious” hypothesis was proposed 
by several prominent historical figures such as Virchow in 1859 and Osier in 
1908, followed by Frothingham in 1911, and Ophuls in 1921.^’^ Indeed, over 20 
specific microorganisms (bacteria and viruses) have been named to associate 
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TABLE I 

Microorganisms Implicated to Associate Infection with 
Atherosclerotic Vascular Disease’®”'** 



Microorganism 


Year and author of publication 


Bacillus typhosus 


1889, Gilbert and Lion 


Streptococci 


1931, Benson et ai 


Coxsackie B vims 


1968, Sohal et oL 


Adenovims 


1973, Fabricant et oL 


Mycoplasma gallisepticum 


1973, Clyde and Thomas 


Marek's disease ^ms 


1978, Fabricant et aL 


Cytomegalovirus 


1987, Petrie et oL 


Herpes simplex vims 


1987, Hajjar et al. 


Chlamydia pneutnoniae 


1988, Saikku et ai 


Measles virus 


1990, Csonka et ai 


Epstein-Barr virus 


1993, Straka et ai 


Human immunodeficiency \irus 


1993, Paton el al. 


Helicobacter pylori 


1994, Mendall et ai 


Mycoplasma fermentans 


1996, Ong et ai 


Enteroviruses 


1998, Roivainen et ai^^^ 


Coxiella bumetti 


1999, Lovey et ai 


Porphyromonas gingivalis 


1999, Chiu et ai 


Streptococcus sanguis 


1999, Chiu et ai 


Actinobacillus actinomycetemcomitans 


2000, Haraszthy el al 


Bacteroides forsythus 


2000, Haraszthy el al 


Hepatitis A virus 


2000, Zhu et al. 


Influenza vims 


2000, Naghavi el al. 


Mycoplasma pneumoniae 


2000, Higuchi et ai’"" 


Prevotella intermedia 


2000, Haraszthy et al 


Varicella-zoster virus 


2000, Moriuchi and 
Rodriguez’"* 



Note: Adapted and updated from Ngeh J., Chlamydia IMeumnniae in Elderly Patients 
with Stroke Study (CPEPS) ; A case-control study on the seroprevalence of Chlamydia 
pneumoniae in patients aged over 65 years admitted with acute stroke or transient 
ischaemic attack, MSc dissertation, University of Keele, UK, 2000)/^^ 



infection and atherosclerosis (Table 1).'®“"' Among these,Cytomegalovirus 
(CMV), C. pneumoniae, Helicobacter pylori, and dental pathogens are the microor- 
ganisms most commonly studied. By far, the evidence linking C. pneu- 
moniae infection and atherosclerosis is most abundant and appear to be the 
strongest. 

C. pneumoniae was first isolated from the conjunctiva of a child in Taiwan 
in 1965 and designated as TW-183.^''’®”*’ In 1983, it was isolated from the res- 
piratory tract of a university student suffering from pharyngitis in Seattle, and 
designated as AR-39.^"^’®“*^ C. pneumoniae, thought to be a new strain of Chlamy- 
dia psitacci causing acute respiratory tract infection, was described by Grayston 
and his colleagues in 1986, and given the acronym TWAR (TaiWan Acute 
Respiratory) However, it was Saikku and his colleagues who first suggested 
that Chlamydia TWAR was associated with CHD or atherosclerosis in 1988.*^^“** 
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TWAR was subsequently renamed as Chlamydia pneumoniae, and recognised as a 
separate species in the genus Chlamydia in 1989/®“^* 



1.2. Microbiology and Epidemiology of C. pneumoniae 

Apart from Chlamydia trachomatis and C. psitacci, C. pneumoniae is the only 
other species that causes human diseases within the genus of Chlamydia}^^ 
C. pneumoniae is a gram-negative, obligate intracellular bacterium that depends 
on its host cell for growth and survival. The outer membrane of C. pneumoniae 
is composed of lipopolysaccharides (LPS) and heat-shock proteins (HSP) 
that are genus specific.*^’ ®* However, several major outer membrane proteins 
(MOMP) identified are detectable by monoclonal antibodies and are species 
specific.*’’*^ 

C. pneumoniae exists in three forms in its unique life cycle: (1) infectious, 
nonreplicating elementary body (EB); (2) noninfectious but actively replicat- 
ing reticulate body (RB); and (3) noninfectious, nonreplicating persistent body 
(PB) (Fig. 1).(2,4,7,8) Pqj. example, the EB spore attacks the host’s cell by endo- 
cytosis and differentiates into RBs by binary fission in enlarging vacuoles called 
inclusion bodies. After inclusion maturation, the RBs redifferentiate into 
EBs, which are released by cytolysis, and start another cycle of infection. 
However, the EB may transform into PB under conditions of immune stress, such 
as in the presence of gamma interferon. The PB may remain metabolically 



Elementary body (EB) pei^trates the host cell by endocytosis 
EB differentiates into Reticulate body (RB) 

I 

Replication of RB by binary fission in inclusion body 

xjnmune stress e.g. y-interferon 
Transformation of RB into Persistent body (PB) 
Removal of immune stress 




Redifferentiation of RB or PB into EBs 

I 

EBs released by cytolysis 

EB begins a new cycle of infection 

FIGURE 1. Life cycle of C. pneumoniae 
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inactive and undetected by the host’s immnne system, and remain unresponsive 
to antibiotics/^’^’®^ When the stress is removed, the PB may redifferentiate into 
infectious EB and released by cell lysis to begin a new life cycle/^* 

Clinically, C. pneumoniae is primarily a respiratory pathogen, although it 
also contributes to extrapulmonary manifestations*^^’^”*^ The infection is com- 
mon worldwide and accounts for 5-20% of all cases of community-acquired 
pneumonia/®^ However, C. pneumoniae infection can also be asymptomatic/"^^ 
The incubation period of the infection is aronnd 3-4 weeks Cyclical epi- 
demics due to C. pneumoniae have been observed to occur every 4-7 years in 
western European countries/^* Most people are infected several times in their 
lifetime The seroprevalence of C. pneumoniae is about 50% in middle-aged 
adults and rises to 70-80% in older populations/'’^’"*’®"** 



2. EVIDENCE LINKING C. pneumoniae AND ATHEROSCLEROSIS 

The evidence linking C. pneumoniae infection and atherosclerosis is derived 
fromfiveareas ofresearch: seroepidemiological, pathological, animal, immuno- 
logical, and antibiotic treatment studies/*"* '^' 

2.1. Seroepidemiological Observations 

Seroepidemiological stndies are credited as the earliest area of research 
linking C. pneumoniae and atherosclerotic vascnlar diseases. Since Saikku and 
his colleagnes first showed a positive association between CHD and C. pneu- 
moniae antibodies in a case-control stndy in 1988, nnmerous (probably 100) 
seroepidemiological studies of various designs, i.e. retrospective, case-control, 
cross-sectional, or prospective studies, have suggested a positive association.*'"** 
More recently, seroepidemiological studies have also showed a positive associa- 
tion between C. pneumoniae serological markers and other atherosclerotic vascu- 
lar diseases such as stroke, abdominal aortic aneurysm, and peripheral arterial 
diseases.*"*’®’** 

Most of these positive seroepidemiological studies reported odds ratios 
(ORs) of 2 or higher.**’^’’ ** However, a number of negative studies have also 
emerged. Recent large-scale prospective seroepidemiological stndies 

and meta-analyses involving over 5,000 cases have suggested a modest or weak 
association between C. pneumoniae serological markers and CHD, with ORs be- 
tween 1.15 and 1.25.*^’*’^’** Althongh some studies do not fully adjust for the 
influence of risk factors associated with C. pneumoniae infection, others have 
been criticized for overadjustment.*** 

The current gold standard in C. pneumoniae serology is microimmunofluo- 
rescence (MIE), a test originally developed for the diagnosis of clinical C. pneu- 
moniae infection, as opposed to that for an epidemiological study of the role of C. 
pneumoniae in atherosclerosis.*®* The MIE is a snbjective test and requires an ex- 
perienced microscopist.*** Different seroepidemiological studies have used dif- 
ferent cutoff titers, making comparison of data difficult. Eurther efforts 
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are required to standardize C. pneumoniae serological assays and promote uni- 
formity in laboratory practice/^’*^ 

Newer serological methods such as the enzyme-linked immunosorbent as- 
says (ELISA) have been developed and are readily available as commercial 
kits/®“®’^^^ These ELISAs give qualitative results that can be read by machine 
rapidly Because ELISAs can afford a relatively high throughput and ob- 
jectivity, they are increasingly used in seroepidemiological studies. Pre- 

liminary data suggest that ELISA has a good sensitivity, specificity, and repro- 
ducibility when compared to However, like the MIF, ELISA is still far 

from perfect as a diagnostic tool, and will require further standardization and 
improvement. 

Serological markers such as immunoglobulin titers tend to fluctuate over 
time, and there is variability both within individuals and across populations. 
Moreover, C. pneumoniae infection is more common in the autumn or winter, 
and during cyclical epidemics. The time of sampling will therefore affect 
the results of serological studies. In older age groups, the seroprevalence of 
C. pneumoniae is over 70%, making comparison of the actual, though small, dif- 
ference in seropositivity between the cases and the controls difficult. There 
were also reports suggesting a poor correlation between endovascular C. pneu- 
moniae infection and serological positively. 

Nevertheless, obtaining patients’ serum and other blood components re- 
mains a relatively convenient and noninvasive method to study for C, pneu- 
moniae infection. Currently, serological methods alone may not reliably delect 
chronic or persistent C. pneumoniae infection in a subgroup of patients that 
might benefit from antibiotic interventional therapy. Indeed, investigators are 
studying other blood markers such as C. pneumoniae ivnmune. complexes and cir- 
culating leukocytes, e.g. macrophages with detectable C. pneumoniae DNA and 
mRNA as markers of underlying infection. Seroepidemiological studies 
have progressed to examine for other blood markers of infections implicated 
in atherosclerosis, to correlate inflammatory markers such as C-reactive protein 
(CRP) in conjunction with C. pneumoniae serology, and have shown association 
between “infectious” and “inflammatory” burdens and atherosclerosis.^^' 



2.2. Pathological Specimen Findings 

Shor and colleagues provided the first evidence that C. pneumoniae can be 
detected within atherosclerotic or CHD specimen and visualized with electron 
microscopy (EM) in 1992 (Fig. 2).'®“^’''*' Since then, over 55 published reports 
have demonstrated the presence of C. pneumoniae not only in coronary arteries, 
but also in cerebral, carotid, internal mammary, pulmonary, aorta, renal, iliac, 
femoral, and popliteal arteries, and occluded bypass grafts, obtained from post- 
mortem and surgical atheromatous tissues. Different techniques such 

as immunocytochemistry (ICC), polymerase chain reaction (PCR), in situ hy- 
bridization (ISH), and EM were used in these studies.''"^' The rate of detection 
is about 50% (range varies from 0 to 100%) in atheromatous tissues, but less 
than 1% in “healthy” arteries free from obvious atheroma. C. pneumoniae 
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FIGURE 2. Transmission electron micrograph of smooth muscle cells in an early atheroscle- 
rotic lesion of the aorta positive for C. pneumoniae by polymerase chain reaction/*‘’'On the 
left, a smooth muscle cell containing vacuoles (V) and C. pneumoniae elementary bodies (arrow- 
head) are demonstrated. The other fragmenting cell and actin (A) filaments are also shown. On 
the right, macrophage pseudopodia (P) is shown in contact with a fragment of smooth muscle 
cell (SMC) containing C. pneumoniae (arrowheads). (Reproduced from Shor, A., and Phillips, 
J., 2000, Histological and ultrastructural findings suggesting an initiating role for Chlamydia 
pneumoniae in the pathogenesis of atherosclerosis: A study of fifty cases, Cardiovasc. J. S. Afr. 
11:16-23, with permission.)*'''* 



can also be detected in about 10% of noncardiovascular and granulomatous 
tissues, showing a nonspecific, ubiquitous distribution in the human body.*^®’^^ 
However, the distribution of C. pneumoniae is known to correlate well with the 
distribution of atherosclerosis within the same individual. 

The presence of C. pneumoniae in atherosclerotic lesions is not unique. 
It is known that other microorganisms such as H. pylori, CMV, Herpes simplex 
virus, periodontal pathogens, and Mycoplasma pneumoniae^^^^^ havs also been 
detected in human atherosclerotic tissues. However, C. pneumoniae is, to 
date, the only microorganism that can be cultured alive, albeit with difficulty, 
from atheromatous plaques^^^ (Table 

The methods used in histopathological studies, i.e. EM, ICC, PCR, and ISH, 
do not correlate with one another consistently, making comparison of studies 
in this area and others difficult. PCR technique alone tends to give the 
lowest rate of C. pneumoniae detection, whereas the highest rate of detection is 
by ICC or a combination of methods. Further efforts are therefore required 
to improve and standardize these methods. 

In spite of methodological limitations, pathological examinations have 
shown that C. pneumoniae has a tropism for arterial tissues and atheroscle- 
rotic lesions. Although the mere presence of C. pneumoniae or its anti- 
gens in atheroma do not prove a causal role, pathological studies nevertheless 
support the rejection of the notion that C. pneumoniae is simply an innocent 
“bystander.”^®’^^ Increasingly, histopathological methods are used in conjunc- 
tion with animal, immunological, and antibiotic studies to examine for causal, 
mechanistic, and treatment susceptibility effects of C. pneumoniae in atheroscle- 
rosis. 
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TABLE n 

Pathological Studies That Have Detected or Cultured Viable C. pneumoniae from 
Human Atherosclerotic Tissues**’®’*®* 



Year 


Author 


Specimen 


Detection 

method 


Positive (%) 


Viable (%) 


1996 


Ramirez 


Coronary 


Culture/EM/ 

ICC/ISH/PCR 


7/10 patients 
(70%) 


1/10 patients 
(10%). by 
culture 


1997 


Jackson et at 


Carotid 


Culture/EM/ 

ICC/ISH/PCR 


12/16 
specimens 
(75%). other 
than by 
culture 


1/25 specimens 
(4%). by 
culture 


1998 


Maass et al. 


Coronary, 

CABG 


Culture/ PCR 


21/70 patients 
(30%) 


11/70 patients 
(16%), by 
culture 


1999 


Bartels et al 


Saphenous 
vein CABG 


Culuire/PCR 


8/32 specimens 
(25%) 


5/32 specimens 
(16%), by 
culture 


1999 


Esposito et al 


Carotid 


PCR/RT-PCR 


18/30 patients 
(60%) 


10/30 patients 
(33%). 
presence of 
chlamydial 
inRNA by 
RT-PCR 


2000 


Karlsson et ai 


/KAA 


Culture/IHC 


21/26 patients 
(81%) 


10/25 patients 
(40%). by 
culture 


2000 


Apfalter el al 


Carotid, 
coronary, 
AAA, iliac, 
femoral, AV 


Culture/DIF/ 

PCR 




3/38 specimens 
(7.9%) 


2001 


Johnston 


Carotid 


PCR/RT-PCR 


19/48 

specimens 

(40%) 


18/48 
specimens 
(38%), 
presence of 
chlamydial 
niRNA by 
RT-PCR 



Note: AAA = Abdominal aortic aneurysm, AV = Aortic valve, CABG = Coronary artery bypass graft, DIF 
= Direct, genus specific immunofluorescence staining, EM = Electron microscopy, ICC = Immunocyto- 
chemistry, IHC = Immunohistochemistry, ISH = In situ hybridization, PCR = Polymerase chain reaction, 
RT-PCR= Reverse transcriptase-PCR. 



2.3. Animal Experimental Models 

Historical precedents of animal models used to demonstrate infection- 
induced atherosclerosis include Benson’s Streptococcus-rahhit and Fabricant’s 
//er/7e^v;>M5-chicken experimental models in 1931 and 1978, respectively. 

In 1997, Fong, Laitinen, and coworkers were among the first to report that 
repeated C. pneumoniae infection through the respiratory tract could induce 
not only pneumonia, but also inflammatory and atherosclerotic changes in 
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the aortas of rabbits/^"’^ M. pneumoniae, another atypical respiratory pathogen 
used as a control in the study, was not found to induce any atherosclerotic 
lesions^^^ Further animal experimentation demonstrated that treatment us- 
ing azithromycin, a macrolide antibiotic active against C. pneumoniae, could — 
though not invariably — counteract or reduce the atherogenic effect of C. pneu- 
moniae in the aortas of infected animals/'^"^^ 

Animal models are invaluable laboratory tools used to study the synergistic 
effects of some of the well-established cardiovascular risk factors, e.g. athero- 
genic diet and genetic predisposition, in the context of C. pneumoniae-inductd 
atherosclerosis. Dietary supplementations with cholesterol in C. pneumoniae- 
infected rabbits have been shown to increase the animals’ vascular intimal wall 
thickening. Genetically modified mouse such as ApoE-deficient mouse 
are known to develop atherosclerosis in the absence of a fatty diet*^^’^’^’^* Re- 
peated C. pneumoniae infection has been shown to accelerate atherosclerotic le- 
sion progression in this model, although a short 2-week course of azithromycin 
treatment did not reduce the size of the lesion. Specifically, C. pneumoniae 
infection was shown to increase the T lymphocyte influx in the atherosclerotic 
plaques and to accelerate the formation of more advanced atherosclerotic le- 
sions in ApoE3 -Leiden mice.*^^^^ 

Further evidence suggests that the atherogenic effects of C. pneumoniae 
infection were dependent on cholesterol and species specific to C. pneumoniae as 
opposed to C trachomatis, in LDL receptor knockout transgenic mouse model. 
On the other hand, the C57BL/6J mouse that does not develop atherosclerosis 
when fed a normal diet was shown to produce intimal thickening and carditis 
on repeated intranasal inoculation with C. pneumoniae. In addition, when 
fed a high-fat diet, the infected C57BL/6J mice developed significantly larger 
atherosclerotic lesion areas compared with control mice.*'*^ 

Recently, larger mammals such as dogs and pigs were used in animal 
studies. Using EM, ICC, and PCR methods, a group of Japanese re- 
searchers have reported the presence of viable C. pneumoniae in canine athero- 
matous tissues. Report from Sweden has demonstrated that acute C. pneu- 
moniae infection of pigs through the respiratory tract could cause profound 
endothelial dysfunction in coronary arteries, thus supporting the role of C. pneu- 
moniae in atherogenesis.*^®^ More recently, a report using a pig model has shown 
that intracoronary and intrapulmonary C. pneumoniae inoculation could induce 
coronary intimal proliferation in the absence of a lipid-rich diet.*^^^^ However, 
direct administration of macrophages infected with C. pneumoniae into the pigs’ 
coronary arterial wall was not associated with the development of coronary 
lesions*^'^ 

Animal models are useful to demonstrate a causal and temporal effect 
of C. pneumoniae infection and subsequent development of atherosclerosis'^®’^^ 
They have shown that C. pneumoniae infection could initiate and accelerate 
atherosclerotic process^^’®^ Moreover, the induced atherogenic process appears 
to correlate with increasing C. pneumoniae infective dose and time from expo- 
sure, and accelerate with other atherogenic risk factors^®”^* The models could 
also help to define the role of antibiotic treatment in atherosclerosis. How- 
ever, exactly to what extent could laboratory-induced atherogenesis in animal 
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models reflect human atherosclerosis (which may take years to develop) remains 
an important issue to be resolved/®^ 



2.4. Molecular and Immunological Mechanisms 

Studies in this area have focused on the mechanistic roles of C. pneu- 
moniae in the inflammatory processes of atherosclerosis. A variety of studies 
have examined the interactions between C. pneumoniae infections or antigens 
and components of atherothrombotic tissues: ( 1 ) cells such as leukocytes, 
platelets, monocytes, endothelium, smooth muscle cells (SMCs), and fibrob- 
lasts; ( 2 ) extracellular matrix and substrates such as collagens, elastin, gelatin, 
and fibronectin.^^”’’^^^ 

A range ofmolecules expressed by these cells have been identified:^*”^^ 

1. Cytokines and chemokines: interleukins (e.g. IL-1, IL-2, IL- 6 , IL- 8 ), tu- 
mor necrosis factors (e.g. TNF-a), gamma interferon, monocyte in- 
tegrins, monocyte chemotactic protein-1 (MCP-1), colony stimulating 
factor, growth factors (e.g. platelet-derived growth factor or PDGF, basic 
fibroblast growth factor or bFGF), tissue factor. 

2. Adhesion molecules: vascular cell adhesion molecule- 1 (VCAM-1), inter- 
cellular adhesion molecule-1 (ICAM-1), E-selectin, P-selectin. 

These inflammatory cells and mediators are known to participate in com- 
plicated immunological cross-talks between C. pneumoniae antigens and athero- 
genic/atherothrombotic processes.*'"’^ 

C. pneumoniae is capable of infecting macrophages/monocytes, endothelial 
and smooth muscle cells. These are the key cells involved in atherogene- 

sis that have been shown to support the growth and proliferation of C. pneumoniae 
in laboratory studies. From pathological, animal, and clinical observations, 
it is postulated that C. pneumoniae can infect macrophages in human respiratory 
tract and be carried by circulatory monocytes to invade arterial sites that are ei- 
ther developing or prone to develop atherosclerosis.^*’^'*’®’^' At the endothelial 
surfaces of these sites, C. pneumoniae antigens could cause endothelial dysfunc- 
tion and monocyte activation, and initiate or exacerbate a series ofendovatcular 
immunological reactions (Fig. 3 ) ( 2 , 6 , 7 , 12 ) 

Experimental data has shown that C. pneumoniae A-03 (a coronary strain) 
could stimulate the production of MCP-1, IL- 8 , and ICAM-1 by human endothe- 
lial cells in vitroF^ Circulating leukocytes, e.g. monocytes and T lymphocytes, 
attracted by various mediators to the activated endothelial surface, could them- 
selves be activated and express further inflammatory molecules (e.g. ILs and 
TNEs), which contribute to further cellular recruitment and chronic endothe- 
lial cell damage.^’* Indeed, the “response to injury” hypothesis refers to the 
fact that endothelial cell damage is the crucial initial stage in atherogenesis.*^^^ 
Moreover, a number of traditional cardiovascular risk factors and infections are 
known to cause endothelial injury, dysfunction, and activation. 

Monocytes and macrophages are the key transporters of LDL cholesterol 
from systemic circulation into subendothelial space*^^’®’’^ A study has identified 
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SYSTEMIC EFFECT J 



LOCAL ENDOVASCULAR EFFECT 




FIGURE 3. The roles of C pneumoniae, monocytes, and inflammatory markers in atherogenesis 
and atherothrombosis: interplay between molecular and immunological mechanisms/^’^’^’^^^ 
In conjunction with traditional atherosclerotic risk factors, C. pneumoniae-infQcted monocyte 
may be activated, which contributes toward endothelial dysfunction and subsequent foam 
cell transformation and inflammatory response in the subendothelial space. Monocyte acti- 
vation and endothelial dysfunction also lead to secretion of cytokines and acute-phase pro- 
teins, expression of adhesion molecules, and upregulation of tissue factor and monocyte inte- 
grins. These processes may either act independently or interact, leading to atherogenesis and 
atherothrombosis. Cdllb/c = monocyte integrins, Cp = C pneumoniae, CSF = colony stimu- 
lating factor, b-FGF = B-fibroblast growth factor, GF = growth factor, GI = gamma interferon, 
ICAMA^CAM = intercellular/vascular cell adhesion molecules, IL = interleukin, LDL = low 
density lipoprotein, MCP = monocyte chemoattractant protein, MIP = macrophage inflamma- 
tory protein, NO = nitric oxide, PG = prostacyclin, TF = tissue factor, TNF = tumor necrosis 
factor. (Adapted and modified from Gupta, S., 1999, Chlamydia pneumoniae, monocyte activa- 
tion and antimicrobial therapy in coronary heart disease. MD Thesis, University of London, 
with permission)^^^^ 



C. pneumoniae LPS as the antigen that could enhance LDL cholesterol up- 
take and downregulate cholesterol efflux in monocytes and macrophages/^’^’^^ 
Once the monocytes and leukocytes (T lymphocytes and neutrophils) are 
anchored by adhesion molecules onto the dysfunctional endothelial surface, 
transendothelial penetration into the subendothelial space occurs. Many of 
these monocytes loaded with oxidised LDL cholesterol then transform into tis- 
sue macrophages known as foam cells^^’^’^"^^ Indeed, Kalayoglu and Byrne 
in 1998 demonstrated that C. pneumoniae LPS could induce not only LDL 
cholesterol oxidation but also macrophage transformation into foam cells, a 
key atherogenic process. Furthermore, C. pneumoniaehQat shock protein-60 
(cHsp60) was found to induce cellular oxidation of LDL cholesterol. 

The foam cells are known to participate in inflammatory and immunological 
reactions that lead to a fibroproliferative response from the arterial SMCs and 
the formation of atherosclerotic plaque.^^’^’^^Moreover,C.p/ieMmon/ae-infected 
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human SMCs have heen shown to stimulate the production of IL-6 and bFGF, 
which contribute to atherosclerotic fibrous plaque formation/^’®' 

Chlamydial cHsp60 and human hHsp60 were frequently found together 
in human atherosclerotic plaques/^^ Because they share sequence ho- 
mology, cHsp60 could cross-react with hFIsphO, causing antibody-mediated 
cytotoxicity/^’^ '^’^’^^In contrast, C. pneumoniae-reactive T lymphocytes in hu- 
man atherosclerotic plaques represent specific cell-mediated immunity 
These lymphocytes can produce gamma interferon and convert C. pneumoniae 
into PB or persistent infection*^^' C. pneumoniae can also inhibit apoptosis in 
infected host cells through inhibition of mitochondrial cytochrome c release 
and caspase-3 activation, mediating a chronic infection/^^' 

Hsp60 could activate macrophages to release TNF-a and matrix metallopro- 
teinases that can degrade connective tissue and cause plaque rupture leading 
to acute atherothrombotic events. These adverse events are enhanced by 

an increased vascular tone resulting from decreased nitric oxide and prostacy- 
clin production by dysfunctional endothelium, in a procoagulant environment 
due to tissue factor expression by activated monocytes. Apart from its local 
endovascular effects, C. pneumoniae can also systemically interact with circulat- 
ing blood cells; stimulate hepatic synthesis of inflammatory markers, e.g. CRP, 
fibrinogen, and neopterin; disturb lipoprotein metabolism; enhance clotting 
cascade; and promote atherothrombotic events (Fig. 

Recent studies have reported specific signalling pathways involved in C. 
pneumoniae pathogenic mechanisms. For example, C. pneumoniae and cHsp60 
were shown to stimulate human vascular SMC proliferation through the acti- 
vation of toll-like receptor 4 that acts as an antigenic sensor for C. pneumoniae, 
with signalling through the p44/p42 mitogen- activated protein kinase (MAPK) 
pathway.® The activation ofnuclear transcription factors such as NF-kB and Ac- 
tivator Protein- 1 (proliferative intracellular signals) by C. pneumoniae was found 
to induce vascular SMC proliferation, an effect that can be abolished by the an- 
tibiotic azithromycin.*^®^ In addition, NF-/cB activation in C. pneumoniae-mfecttd 
cells was shown to induce the production of proinflammatory and procoagulant 
substances.® 

In summary, various mechanistic, molecular, and immunological studies 
have demonstrated a pathogenic role of C. pneumoniae infection in different 
stages of atherosclerosis. Further understanding and progress in this area of 
research may provide important “laboratory based” causal evidence of C. pneu- 
moniae in atherosclerosis and stimulate “clinical” interventional and therapeutic 
strategies. 



2.5. Antibiotic Treatment Studies 

Most of the investigations in this area involved clinical antibiotic in- 
terventional trials in the secondary prevention of CHD. Others have exam- 
ined the impact of antibiotic treatment on CHD in retrospective epidemi- 
ological studies. Apart from CHD, antibiotic treatment studies in the clini- 
cal context of AAA, PAD, and carotid artery stenosis or stroke are emerging 
(Table III). (i.4>624-26,29,30) results of these studies are inconclusive, although 
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TABLE m 

Antibiotic Treatment Studies and Atherosclerotic Vascular Diseases (>. 4 ''>. 24 - 26 , 29 , 30 ) 



Trial, Year 



Population, Antibiotic, Trial 

number course duration Results 



Antibiotic Treatment and Coronary Heart Disease 



St George’s 
Hospital, 
London, LIK. 
RCT, 1997<'2‘‘> 


Post MI, 220 
males 


Azithromycin, 3 
or 6 days 


1 .5 years 


ROXIS, 
Argentina. 
RCT, 1997<'2‘‘) 


ACS, 202 
(76% men) 


Roxithromycin, 
30 days 


6 months 


University of 
Washington, 
USA. RCT, 
1998*'‘> 


Post-PTCA, 88 


Azithromycin, 28 
days 


6 months 


ACADEMIC, 
USA, RCT, 
1999<'’^^> 


Stable CAD, 302 
(89% men) 


Azithromycin, 3 
month 


2 years 


lSAR-3, 

Germanv. RCT, 
2001(6.24.25) 


Post-coronaiy 
stenting, 1010 
(78% men) 


Roxithromycin, 
28 days 


1 year 


Siriraj Hospital, 
Bangkok, 
Tliailand. RCT, 
2001<’'24> 


ACS, 84 
(63% men) 


Roxithromycin, 
30 days 


90 days 


STAMINA, UK. 
RCT, 2002<*’2‘" 


ACS, 325 
(69% men) 


Azithromycin or 
amoxicillin, 
and 

metronidazole, 
7 days 


1 year 


W1Z.ARD, 


Stable CAD, 


Azithromycin, 


1-4 years 


International 
multicentre 
trial. RCT, 
20O2ri.24) 


7,724 

(83% men) 


3 months 


(mean 2.5 
years) 


CLARIFY. 


ACS, 148 


Clarithromycin, 


138-924 days 


Finland. RCT, 
2002*' 


(70% men) 


3 months 


(mean 555 
days or 1.5 
years) 


St George’s 
Hospital, 
London, UK. 
RCT, 2002<^> 


Stable CAD, 
40 males 


Azitliromycin, 

3 days, tlien 
weekly for 

4 weeks 


5 weeks 



Positive 



Positive at 
1 month, 
negative at 
3 and 6 
months 
Positive 



Negative 



Negative, 
restenosis 
reduced in 
patients 
with tines 
1:512 
Negative 



Positive 



7% event 
reduction 
(hazard 
ratio 0.93, 
P = 0.23) 
Positive 



Improvement 
in FMD of 
brachial 
artery, 

P< 0.005 






C. pneumoniae AND ATHEROSCLEROSIS 



125 



TABLE m 
{Cont.) 



Trial, Year 


Population, 

number 


Antibiotic, 

course 


Trial 

duration 


Results 


AZACS, USA. 
RCT, 2003‘25> 


ACS, 1,439 
(74% men) 


Azithromycin, 
5 days 


6 months 


Negative 


ANTIBIO, 
Gennany. 
RCT, 2003<®‘‘> 


ACS, 872 
(79% men) 


Roxithromycin, 
6 weeks 


1 year 


Negative 


MARBLE, UK. 
rCT<'.6> 


CAD on waiting list 
forCABG 
surgery, 1240 


Azithromycin, 
3 months 


2 years 


Expected in 
2004(?) 


ACES, USA. 

rCT(1,6.2.1) 


Stable CAD, 4000 


Azitliromycin, 
weekly for 
1 year 


4 years 


Expected in 
2004(?) 


PROVE IT, 
International 
Multicentre 
trial. 


ACS, 4000-1 


Gaufloxacin, 

2 weeks, then 
10-day course 
monthly for 
2 years4- 


2 years-(- 


Expected in 
2004(?) 


CROAATS, 

Croatia. 

RCT<‘> 


Documented MI, 
340 


Azithromycin, 
3-day course at 
days 1,10, 20 


1 .5 years 


Expected in 
2004 (?) 


CLARICOR, 

Denmark. 

rCT(26) 


Stable CAD, 4600 


Clarithromycin, 
14 days 


2 years 


Expected in 
2004(?) 


CLAINF, Italy. 
rCt(6) 


Acute MI, 800 


Clarithromycin, 
3 weeks 


1 year 


Expected in 
2004(?) 



Antibiotic Treatment and Carotid Atherosclerosis (CA), Abdominal Aortic Aneurysm (AAA), 
and Peripheral Arterial Disease (PAD) 



Italy RT, 


C. pneumoniae 


Roxithromycin, 


17-35 days 


Positive, 


1999<“> 


burden in CA, 


1 7-35 days 


(mean 26 


P = 0.034 




32 (16 males) 


(mean 26 days) 


days) 




Finland RCT, 


AAA growth. 


Doxycycline, 


1 .5 years 


Positive, 


2001 


32 (29 males) 


3 months 




P = 0.03 


Denmark 


AAA growth, 


Roxithromycin, 


1.5 years 


Positive, 


RCT, 2001 


92 males 


28 days 




P = 0.02 


Switzerland 


PAD progression. 


Roxithromycin, 


2.7 years 


Positive, 


RCT, 2002<*^> 


40 males 


28 days 




p<om 


Germany RCT, 


CA progression, 


Roxithromycin, 


2 years 


Po.sitive, 


2002<2<> 


272 (56% men) 


30 days 




P<0.01 



Note: ACS = Acute coronary syndrome, GAD = Coronary artery disease, MI = Myocardial infarction, 
PTCA = Percutaneous transluminal coronary angioplasty, RCT = Randomized controlled trial. 



the reports of some large-scale antibiotic interventional studies currently ongo- 
ing are still awaited. 

In 1997, the positive results of two pilot antibiotic treatment studies were 
reported independently by Gupta and colleagues in the United Kingdom and 
Gurfinkel and colleagues in Argentina. In the U.K. study, 60 male survivors 
of acute myocardial infarction (MI) with persistently raised C. pneumoniae IgG 
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antibody titers >1:64 were randomized to receive placebo or a macrolide an- 
tibiotic azithromycin (500 mg per day for 3 or 6 days). Apart from a reduction 
in cardiovascular events at 18 months in the treatment group, there was also 
a reduction in several inflammatory/monocyte activation markers and C. pneu- 
moniae IgG antibody liters, in comparison with the placebo group and nonran- 
domized group with high antibody titers. 

The Argentinian ROXIS (Roxithromycin in Ischaemic Syndromes) study 
randomized hospitalized patients with unstable angina or non-Q-wave Ml {n = 
202) to receive a placebo or another macrolide antibiotic roxithromycin (150 mg 
twice daily) for 30 days'^*’^'*^ At 1 month, a reduction in the combined triple end- 
point (severe recurrent angina, acute MI, and ischemic death) in the treatment 
group was reported. However, at 3 and 6 months, the beneficial effect of antibi- 
otic treatment became nonsignificant, although inflammatory markers such as 
the CRP level decreased more significantly in the treatment group. This implied 
that a longer duration of antibiotic treatment trial might have been necessary 
lo confer more lasting protective effects. 

A third pilot antibiotic treatment study was reported in lOOS.^"*^ Eighty- 
eight patients who had had percutaneous transluminal coronary angioplasty 
were randomized to receive azithromycin 500 mg daily or placebo for 2 days, 
followed by azithromycin 250 mg daily or placebo for 28 days. The investigators 
found that patients in the treatment group had less restenosis (9%) than those 
in the placebo group (16%), and also less recurrent angina (40 vs. 60%, respec- 
tively). However, the positive results were not sustained in a larger follow-up 
study. 

In 1999, the findings of the Azithromycin in Coronary Artery Disease 
Elimination of Myocardial Infection with Chlamydia (ACADEMIC) study were 
reported from the United States. The ACADEMIC study randomized 
302 subjects with elevated C. pneumoniae antibody titers and CHD to receive 
a placebo or a 3-month course of azithromycin (500 mg per day for 3 days, then 
500 mg per week) . The investigators found no difference in clinical outcome at 6 
months and at 2 years in both placebo and treatment groups. However, a reduc- 
tion in inflammatory markers such as CRP, IL-1, IL-6, and TNF-a was found at 
6 months. 

The ISAR-3 (Intracoronary Stenting and Antibiotic Regime trial-3) 
study published in 2001 investigated whether roxithromycin could prevent 
C. pneumoniae-associated restenosis after coronary stent placement.'^®’^'^* Con- 
secutive patients were randomized in a double-blind fashion to receive a placebo 
(n = 504) or 300 mg daily of roxithromycin (n = 506) for 28 days. The investiga- 
tors reported no real difference in outcome as the rale of angiographic stenosis 
at follow-up was 31% in the treatment group versus 29% in the placebo group. 
The combined 1-year mortality and MI rates were also similar in both groups, i.e. 
7% in the treatment group versus 6% in the placebo group. However, in those 
patients with high C. pneumoniae antibody titers, i.e. 1:152, the investigators 
found that roxithromycin treatment significantly reduced the rate of restenosis 
after coronary stenting. This suggested that selective usage of roxithromycin in 
some patients with C. pneumoniae infection might reduce post-coronary-stenting 
restenosis. 
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In a small Thai study, 84 patients with acute coronary syndrome were ran- 
domized to receive roxithromycin (150 mg BD) or placebo for 30 days/'’^"^* 
After a follow-up period of 90 days, the investigators found no significant differ- 
ence in adverse cardiovascular events between the roxithromycin and placebo 
groups (17 vs. 16). 

Several antibiotic treatment studies were reported in 2002. The South 
Thames Trial of Antibiotics in Myocardial Infarction and Unstable Angina 
(STAMINA) is another small U.K. study. In this study, 325 patients with 
acute coronary syndromes (unstable angina or first MI) were randomized to 
receive a 1-week course of either placebo; amoxicillin (500 mg BD), metron- 
idazole (400 mg BD), and omeprazole (20 mg BD); or azithromycin (500 mg 
OD), metronidazole (400 mg BD), and omeprazole (20 mg BD). The investiga- 
tors found that antibiotic treatment significantly reduced adverse cardiac events 
at 12 months. This favorable treatment effect appeared to be independent of 
seropositivity to C. pneumoniae and H. pylori, and there was no difference found 
between the azithromycin and amoxicillin groups. The CRP and fibrinogen 
levels were found to decrease in the antibiotic treatment groups. 

The WIZARD (W eekly Intervention with Zithromax for Atherosclerosis and 
Its Related Disorders) study is a large randomized, placebo-controlled study that 
has enrolled more than 7,000 patients who had an MI at least 6 weeks before 
enrolment and had C. pneumoniae IgG titers >1 : 16.*^*’^^ Of these, 3,868 patients 
were randomized to receive azithromycin 600 mg per day for 3 days, then 600 mg 
weekly for 1 1 weeks; and 3,856 patients received placebo. At the 2-year follow- 
up, the investigators found a 7% reduction in the composite primary endpoint 
of all-cause mortality, recurrent MI, hospitalization, and revisualization (hazard 
ratio = 0.93, p = NS). 

The Clarithromycin in Acute Coronary Syndrome Patients in Finland 
(CLARIFY) study reported favorable results with antibiotic treatment.**’^'*^ In 
this small study, 148 patients with unstable angina or acute non-Q-wave coronary 
events were randomized to receive either clarithromycin 500 mg or a placebo 
once daily for 85 days. During the initial 3-month treatment period, there were 
11 patients in the treatment group compared with 19 patients in the placebo 
group, which met the combined primary endpoint of death, MI, or unstable 
angina (p = 0.1). Over an average period of 555 days, there were also fewer 
patients experiencing cardiovascular events in the treatment group (16 vs. 27 
in the placebo group, p = 0.03). 

In the AZACS (Azithromycin in Acute Coronary Syndromes) study, 1,439 
patients with unstable angina or acute MI were randomly assigned to receive 
azithromycin (500 mg for 1 day, then 250 mg for 4 more days) or placebo. 
Patients were followed up for 6 months. There was no difference between the two 
groups in terms of adverse outcome such as the incidence of death, recurrent 
MI, and revascularization. 

The ANTIBIO was a German study reported in 2003.^^"*^ A total of 
872 patients with an acute MI were randomized to receive either roxithromycin 
300 mg or placebo daily for 6 weeks. After a 12-month follow-up period, the 
investigators found that roxithromycin treatment did not reduce death and 
adverse cardiac events when compared with the placebo group. 




128 



J. NGEH and S. GUPTA 



The results of several antibiotic treatment studies currently underway 
are due to report over the next few years (Table III). These include ACES 
(Azithromycin and Coronary Events Study)/*’®’^"** PROVE-IT (Pravastatin or 
Atorvastatin Evaluation and Infection Therapy)/' ®’^'*^ CLARICOR (Interven- 
tion with Clarithromycin in patients with stable Coronary heart disease)/^®^ 
CLAINE {Chlamydia pneumoniae and Myocardial Infarction)/®^ and CROAATS 
(Croatian Azithromycin in AtherosclerosisStudy)*^^/The ACES, PROVE-TT, and 
CLARICOR are large-scale, randomized controlled studies, and have each re- 
cruited more than 4,000 patients. 

Similar contradictory results have been reported in several large-scale ret- 
rospective, antibiotic treatment case-control studies. In the first study involv- 
ing 3,315 cases and 13,139 controls, Meier and colleagues provided indirect 
evidence for a positive association between past usage of antibiotics such as 
tetracycline or quinolones (but not macrolides) and the reduction in risk of 
first-time MI.*^®’^^ However, the results of another similar study (1,796 cases vs. 
4,882 controls) suggested that past usage of tetracycline, doxycycline, or ery- 
thromycin (a macrolide) was not associated with the risk of first-time MI.*^®^ 
Eurther study on the usage of a variety of antibiotics and their relationship to 
first-time MI in a population involving 354,258 patients was also reported with 
negative results. Yet another study involving a database of 26, 195 patients con- 
cluded that exposure to antichlamydial antibiotics (tetracyclines, macrolides, 
quinolones) during the 3 months after an acute MI was associated with a small 
survival benefit, whereas exposure during the 6 months before an acute MI did 
not affect survival. 

A positive treatment effect of roxithromycin on small AAA expansion rate 
particularly in patients with C. pneumoniae IgA seropositivity has been reported 
in 2001.*^^^ The investigators in this study randomized 92 male subjects to receive 
either roxithromycin 300 mg per day or placebo for 28 days, and patients were 
followed up for a mean period of 1.5 years. They found that the expansion 
rate of AAA was reduced by 44% i.e. 1.56 mm per year in the treatment group 
versus 2.80 mm per year in the placebo group (p = 0.02). During the second 
year, the difference was only 5%. The results remained significant even after 
multiple linear and logistic regression statistical analyses. A similar positive result 
of a significant reduction in the AAA expansion rate was reported in another 
randomized, double-blind, placebo-controlled pilot study (32 patients followed 
up for 18 months) using the antibiotic doxycycline.'^^''* 

In the clinical context of PAD, a pilot study that randomized 40 C. pneu- 
moniae-seropositive men suffering from peripheral arterial occlusive disease 
to receive either roxithromycin 300 mg daily or placebo for 28 days reported 
its results in 2002.'^''* During a follow-up period of 2.7 years, the investigators 
found that there were significantly fewer numbers of invasive revascularization 
per patient in the treatment group (5 interventions performed on 4 patients) 
in comparison with the placebo group (29 interventions on 9 patients), even 
after multiple regression analyses. They also reported that limitation of walking 
distance to 200 m or less occurred in fewer patients in the treatment group than 
in the placebo group (4 vs. 13). Interestingly, they also observed a significant 
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regression of the size of soft carotid plaques in the roxithromycin-treated pa- 
tients. 

In 1999, an Italian randomized study reported that treatment with a course 
of roxithromycin (150 mg twice daily for a mean of 26 days) before carotid en- 
darterectomy appeared effective in reducing the bacterial burden of C. pneumo- 
niae within carotid atherosclerotic specimens using PCR detection method. 

In 2002, a group of investigators in Germany reported that roxithromycin treat- 
ment reduced progression of early carotid atherosclerosis in C. pneumoniae— 
seropositive patients with ischemic stroke. They randomized 272 patients 
with ischemic stroke aged over 55 years to receive either roxithromycin 150 mg 
twice daily or placebo for 30 days. In the 62 C. pneumoniae— seropositive 
patients that received roxithromycin, there was a significantly decreased com- 
mon carotid artery intima-to-media thickness (IMT) progression after 2 years, 
when compared with C. pneumoniae-seropositive patients (n = 63) that received 
placebo. They observed no significant difference in IMT progression between 
C. pneumoniae— seronegative patients that received either roxithromycin {n = 
74) and those that received placebo (n = 73). In addition, no significant dif- 
ference in the occurrence of future cardiovascular events (stroke, MI, or vas- 
cular death) was observed in either the treatment or placebo groups. The 
CRP levels decreased after roxithromycin treatment more significantly in the 
C. pneumoniae— seropositive than in the -seronegative patients, when compared 
with their respective pretreatmentvalues. However, when the CRP levels in these 
two treatment groups were compared with their respective placebo groups, a 
significant difference was only observed in the C. pneumoniae— positive group. 
These results implied that roxithromycin might have greater antichlamydial 
than anti-inflammatory effects. 

Rather than focusing on adverse clinical events as outcome measures, a 
recent U.K. study assessed the treatment effect of azithromycin on endothelial 
function in patients with CHD that were seropositive to C. pneumoniaeP^^ The 
investigators randomized 40 male patients with CHD and C. pneumoniae IgG an- 
tibody to receive either azithromycin (500 mg per day for 3 days, then 500 mg 
once weekly for 4 weeks) or placebo. They found that patients in the treatment 
group, irrespective of their initial C. pneumoniae antibody titers, had a significant 
improvement in flow-mediated dilation (FMD) of the brachial artery when com- 
pared with those in the placebo group. Azithromycin treatment also resulted in 
a significant decrease in E-selectin and von Willebrand factor (both markers of 
endothelial dysfunction) but not CRP levels. They concluded that azithromycin 
treatment had a favorable effect on endothelial function in patients with CHD 
and evidence of C. pneumoniae infection. 

Several important issues need to be addressed in future antibiotic treat- 
ment studies. The macrolides and tetracyclines used in the treatment studies 
are known to possess anti-inflammatory and immunomodulatory effects, in ad- 
dition to their antichlamydial activities.^^’^”’^ The relative contribution of these 
independent pharmacological properties in treatment studies and their con- 
current antimicrobial effects on other microorganisms need to be delineated. 
Furthermore, the optimal dose and dosing regime, duration, and even cycles of 
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antibiotic treatment will need to be tested in future studies. Apart from its bacte- 
riostatic or bacteriocidal property, whether an antibiotic can reliably eradicate 
different forms of C. pneumoniae (including PB) will also need to be explored 
and determined. 

It is also important to develop reliable methods that can detect true markers 
reflecting chronic/persistent C. pneumoniae infection or high infectious burden 
in individuals targeted in future antibiotic treatment studies. As C. pneumoniae is 
known to associate with different stages of atherosclerosis, it will be important to 
target homogenous populations with similar atherosclerotic burden and age to 
verify treatment effects. Hence, antibiotic treatment studies in the setting of pri- 
mary prevention in high risk populations with silent/subclinical atherosclerosis 
should be considered. Future antibiotic treatment studies should increasingly 
utilize and incorporate other surrogate (e.g. radiological, pathological, blood) 
markers of plaque activities (which may be clinically silent) to assess treatment 
effects, rather than using clinical vascular events as the sole outcome measure. 



3. C. pneumoniae ATHEROSCLEROTIC RISK FACTORS AND 
KOCH’S POSTULATES 

Because atherosclerosis is a complicated multifactorial disease with many 
clinical variables, it is important to assess the role of C. pneumoniae in the context 
of other well-established atherosclerotic riskfactors. Interestingly, C. pneumoniae 
infection is known to be associated with classical vascular risk factors such as 
smoking and those of the metabolic syndrome: hypertension, dyslipidemia, dia- 
betes, obesity. In addition, C. pneumoniae infection is also more commonly 
associated with other nonmodifiable vascular risk factors such as male sex, age, 
and certain genetic predisposition (HLADRII genotype 13a or 17).^^’^* Further- 
more, C. pneumoniae infection is also associated with novel vascular risk factors 
such as hyperhomocysteinaemia*^^*^ and elevated CRP.*^^’^“^* As all majorvascular 
riskfactors are known to correlate with one another in a synergistic way, it is con- 
ceivable that chronic C. pneumoniae infection may represent a forceful inflam- 
matory stimulus that will interact with all these majorvascular risk factors in the 
pathogenesis and clinical manifestations of atherosclerosis. Indeed, studies that 
examined specific mechanistic interactions (e.g., iron and lipid metabolisms, 
immunological expressions) between C. pneumoniae and specific vascular risk 
factors (e.g. gender, dyslipidemia, genetic polymorphisms) are emerging.*^* 

C. pneumoniae is unlikely to be the sole cause of atherosclerosis, a com- 
plicated disease with many clinical manifestations. This is in contrast to the 
H.pylori-pepXic ulcer disease causal link, where the latter is a more straight- 
forward disease with fewer riskfactors and clinical variables. Traditionalists may 
demand a strict fulfillment of Koch’ s postulates in order to establish that C. pneu- 
moniae infection is a cause of atherosclerosis.^’^ Although this is not always 
possible in the case of the C. pneumoniae-atherosclerosis association, it must 
be remembered that the accepted H. py/ori-peptic ulcer causal link does not 
always satisfy Koch’s postulates either.^’’® ’* 
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4. CONCLUDING COMMENTS 

Seroepidemiological studies have provided weak, circumstantial evidence 
linking C. pneumoniae infection and various atherosclerotic vascular diseases. 
The challenge in this area of study is to identify other (blood) surrogate markers 
that are accessible and reliable in reflecting underlying endovascular C. pneumo- 
niae infection, applicable in large-scale population (antibiotic treatment) stud- 
ies. The development ofreliable methods to detect surrogate markers of C. pneu- 
moniae infection is a priority. 

Similarly, the various pathological methods used to detect C. pneumoniae 
and its antigens in atherosclerotic specimens will need further improvement 
and standardization. In conjunction with studies in other areas, pathological 
specimen studies will help to clarify a possible atherogenic role of C. pneumo- 
niae infection. Animal models will continue to be useful in the investigations 
of C. pneumoniae-m6\xc&d atherogenic mechanisms in conjunction with other 
atherosclerotic risk factors and antibiotic treatment studies. A mechanistic un- 
derstanding of the interaction between C. pneumoniae infection and atheroscle- 
rosis at the molecular or immunological levels will provide possible therapeutic 
opportunities and surrogates of treatment effects. Indeed, C. pneumoniae has 
been shown to be involved in key events of atherogenesis and atherothrombosis 
in in vitro studies. 

Current antibiotic treatment studies could not prove or disprove a causal 
role of C. pneumoniae in atherogenesis, since the process in its early or stable 
stages may not always manifest itself clinically as adverse vascular events. Con- 
versely, most of these treatment studies focused on antibiotic treatment benefits 
on patients with preexisting (advanced) atheromas and secondary prevention 
of acute atherothrombotic events. Future antibiotic treatment studies should in- 
corporate specific surrogate parameters of atherosclerosis as outcome measures. 
Studies should be conducted in different populations exposed to C. pneumoniae 
that may have different atherosclerotic burdens, in both primary and secondary 
prevention settings. In addition, different antibiotics active against C. pneumo- 
niae and treatment regimes will need to be developed and standardized in these 
studies. This is of particular relevance if and when a causal association between 
C. pneumoniae Wid atherosclerosis is proven, since widespread antibiotic misuse 
and resistance may then become a serious problem. A minority (4%) of physi- 
cians (mostly cardiologists) in the United States have already used antibiotics 
to treat cardiovascular disease as if it were an infectious disease, although this 
practice is currently considered inappropriate and premature. 

C. pneumoniae on its own is an important pathogen that causes a wide spec- 
trum of respiratory tract infections and extrapulmonary diseases worldwide. The 
recognition of an association between C. pneumoniae infection and atheroscle- 
rotic vascular diseases has generated an exponential interest in this area of 
research over the last decade. The body of evidence as a whole is supportive 
of C. pneumoniae as a plausible and modifiable risk factor in atherosclerosis. 
With the recent discovery of C. pneumoniae' s genome, the development of an 
effective vaccination*^'^ program in future is becoming a pressing reality that will 
not only prevent C. pneumoniae infection but also clarify if C. pneumoniae has a 
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causal relationship with atherosclerosis. Meanwhile, we rely on a progressive, 
multidisciplinary collaborative approach among scientists and clinicians to fi- 
nally reach a conclusion beyond reasonable doubt, to either confirm or refute 
C. pneumoniae as a causal factor in atherosclerosis. 
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1. INTRODUCTION 

In 1988, Saikku et al. published their observations linking Chlamydia pneumoniae 
serology to coronary heart disease in a population composed of Finnish men un- 
der the age of 50T^ The notion that infections cause heart disease is not new,*^^^ 
but this remarkable finding proved to be a bellwether for the reemergence of 
the idea that a specific infectious agent may be causally involved in heart disease. 
The Saikku et al. report led to a series of studies to epidemiologically corrobo- 
rate or refute those findings. Concurrent with the publication of epidemiologic 
reports, molecular diagnostic tests were being adapted for the identification of 
this microorganism to determine if its presence could be detected in diseased 
tissue. Indeed, immunohistochemical and C. pneumoniae-specific PCR meth- 
ods demonstrated that these bacteria are found associated with about half of 
atheromatous tissue whereas the organism was rarely found in normal tissues. 
These clinical studies, although lacking causal implications, clearly document 
that C. pneumoniae is present within atherosclerotic lesions. Animal models have 
also been developed to study the involvement of C. pneMmoM/ae incardiovascular 
disease. Infections of atherogenesis-prone mice have extended the information 
gleaned from clinical observations to include data showing that C. pneumoniae 
localizes to the site of lesion development and causes much more rapid lesion 



SCOT P. OUELLETTE, ROBERT J. BELLAND and GERALD I. BYRNE • University of Ten- 
nessee Health Science Center, Memphis, Tennessee. JENS GIEFFERS • Medical Uni- 
versity of Luebeck, Luebeck, Germany. 



135 





136 



S. P. OUELLETTE et al. 



progression than occurs in either uninfected animals or in animals infected with 
other pathogens (see ref. 3 for review). 

These in situ and in vivo studies have prompted more basic work focused 
on the assessment of the role that the organism and its putative virulence fac- 
tors may play in atherogenesis and cardiovascular disease. Virulence factors 
for most microbial pathogens are traditionally defined by deleting the gene 
of interest and assessing if an avirulent phenotype causes disease or infection 
in appropriate model systems. Unfortunately, there is no stable DNA transfor- 
mation system available for chlamydiae, making it more difficult to establish 
a causal role for any given virulence factor in chlamydial disease pathogene- 
sis. Although more descriptive approaches have been used to study chlamy- 
dial pathogenic mechanisms, some progress has been made. Chlamydial heat 
shock protein-60 (cHsp60) localizes with human atheromas and regulates 
macrophage tumor necrosis factor-alpha (TNFa) and matrix metalloproteinase 
(MMP) expression. cHsp60 is also involved in LDL oxidation^^* whereas 
chlamydial LPS has been linked to foam cell formation.*®^ A key component of 
the atherogenic process is cellular lipid accumulation in the form of cholesteryl 
esters derived from modified LDL. Lipid accumulation can occur in a variety 
of cell types, but lipid-laden macrophages, or foam cells, are a hallmark of early 
lesion development. Several factors that induce lipid accumulation and may be 
involved in atherosclerosis include the presence of IDip, lipopolysaccharide 
(LPS), cytomegalovims (CMV), and C. pneumoniae}''^ Of these, C. pneumoniae is 
the only bacterium that has been repeatedly associated with atherosclerosis and 
localized to atheromas. 

Chlamydia pneumoniae initially infects a variety of cell types within the lung, 
including epithelial cells and leukocytes. Figure 1 illustrates how an initial 
acute or asymptomatic infection can lead to dissemination of the organism 
by macrophages and lymphocytes to sites of inflammation within the circula- 
tion, thereby contributing to lesion progression and instability. In this model, 
C. pneumoniae would be acontributingfactorto the atheroma butnot necessarily 
a direct causal factor. 

Recently, the complete genome sequencing of three C. pneumoniae isolates 
was carried out, which has greatly expanded our ability to understand and study 
this organism. Although the three isolates were more than 99.9% identical, 
there were also several key differences that suggest a few surprises. For example. 
Read et al. found that there was roughly the same level of gene polymorphisms 
between different C. pneumoniae strains as there were within the AR39 strain,*^®^ 
thus giving rise to the concept of intra- as well as interstrain heterogeneity in 
C. pneumoniae populations. Intrastrain heterogeneity may not be an unexpected 
finding considering that clonal isolates of C. pneumoniae have not been routinely 
obtained. This is because Chlamydia is an obligate intracellular pathogen, and 
clonal isolates can only be collected by plaque purification methods similar to 
those used for viruses. This procedure is not commonly done for chlamydial iso- 
lates because it is highly labor intensive and takes 1 to 2 weeks to collect a small 
sample, which must then be propagated several times before a useful quantity 
of chlamydiae is obtained. In addition, some chlamydial species plaque more 
readily than others, and C. pneumoniae has been refractory to standard plaquing 
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FIGURE 1. C pneumoniae initially infects cells within the lung, resulting in acute disease or 
asymptomatic infections. Infected macrophages and lymphocytes subsequently enter the circu- 
latory system and localize to sites of inflammation within the vasculature, thereby contributing 
to lesion progression and instability. 



techniques. However, improved methods have recently been developed, and 
the production and use of clonal isolates will allow the study of homogeneous 
strains for the first time. Consequences of strain heterogeneity to actual C. pneu- 
moniae infections, particularly as this relates to atherosclerosis, will require more 
extensive analysis, but it is probable that if intrastrain heterogeneity is common 
for C. pneumoniae, then variants may be selected based on the variety of tissue- 
specific environments that the organism encounters as it moves from the lung 
to the site of lesion development. 



2. CHLAMYDIAL LIFE CYCLE AND PERSISTENCE 

Chlamydiae exhibit a unique obligate intracellular life cycle that is essen- 
tial for understanding their virulence in both acute and chronic disease. These 
bacteria have a biphasic life cycle that alternates between a metabolically in- 
ert, infectious elementary body (EB) and a noninfectious, metabolically active 
reticulate body (RB) (see ref. 12 for review). The molecular events of chlamy- 
dial growth and differentiation have yet to be defined, but their intracellular 
life cycle has been sufficiently described to document several important funda- 
mental processes essential for chlamydial survival. An EB begins an infection 
by attaching to a susceptible host cell. This primary interaction likely involves 
the chlamydial major outer membrane protein (MOMP), although roles have 
been postulated for glycosaminoglycans and other putative adhesins.*^*^^ After 
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FIGURE 2. After attachment and internalization, C. pneumoniae EBs (smaller, electron-dense 
objects) differentiate into RBs (larger forms) and grow within the inclusion. At later time 
points, RBs begin to reorganize into EBs to be released from the cell. Host immune stress, such 
as IFN-y activation of host cells, can induce persistence, resulting in abnormally large, aberrant 
morphological forms. Removal of the stress allows the organism to reenter the productive 
growth cycle. 



attachment, the EB is internalized into a vesicle that avoids the endosomal path- 
way and subsequent lysosome fusion/^''^ Sphingolipid trafficking and recruit- 
ment ofpost-Golgi vesicles to the chlamydia-containing vacuole indicate that this 
structure actually resides in the exocytic pathway/*^* These postentry trafficking 
activities suggest dynamic changes imposed on the host cell by chlamydiae. The 
next steps in chlamydial growth involve morphogenic changes. Each EB differ- 
entiates into an RB, which divides by binary fission within what is now termed 
the inclusion. At the completion of the life cycle, the RBs reorganize to EBs, 
which are then released from the host cell. Eigure 2 illustrates some of these 
developmental steps ultrastructurally. 

Defining the microbiology associated with productive intracellular chlamy- 
dial growth and development is an important first step in understanding the 
pathogenesis of acute infections caused by these organisms. Chronic infections, 
however, likely involve altered chlamydial characteristics because the intracellu- 
lar organisms are not in a productive growth mode. For example, host immune 
responses, antibiotic treatment, or nutrient deprivation cause chlamydiae to 
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enter a nonproductive, persistent state that has heen used as a model for chronic 
chlamydial infections (see ref. 12 for review). Under these persistence-inducing 
conditions, the chlamydial Hsp60 appears to be highly upregulated. Chlamydial 
Hsp60 has proinflammatory effects by directly activating mononuclear leuko- 
cytes. Chronic chlamydial infections are inflammatory because of the presence 
of such cells at the site of infection. Chlamydial persistence is characterized by 
morphologically aberrant RBs that do not undergo cytokinesis. This was shown 
ultrastructurally in electron micrographs and molecularly by the absence of 
cell division transcripts during nonproductive growth. Persistent chlamydiae, 
however, reenter the productive life cycle upon removal of the stress, suggest- 
ing that this chronic model is not a bactericidal pathway and may have in vivo 
relevance. For example, in genital tract infections of mice lacking inducible 
nitric oxide synthase, an enzyme that produces the potent antimicrobial ni- 
tric oxide, it is not possible to culture chlamydiae from the genital tract after 
the initial disease symptoms. However, treatment of the mouse with immuno- 
suppressive drugs now makes possible chlamydial reactivation with subsequent 
culture.^^^* 



3. C. pneumoniae IN THE PATHOGENESIS OF 

CARDIOVASCULAR DISEASE 

The current paradigm for atherosclerosis suggests that it is an inflamma- 
tory disease. Evidence for this is provided by the presence of monocyte-derived 
macrophages and T lymphocytes at the site of early lesions. Cytokines released 
by these immune cells, such as IL-6, induce acute phase response proteins, and 
elevated CRP levels, (a marker for atherosclerosis) are an indication of chronic 
inflammation. The inflammatory nature of the early atheroma causes modifi- 
cations to LDL, which allow the molecule to bypass the usual regulatory mech- 
anisms for entry into cells, thus facilitating foam cell formation. Furthermore, 
the effect of inflammation on endothelial cells allows for greater arterial per- 
meability to LDL and increased adhesion molecule expression and diapedesis 
of leukocytes. Although the cause for inflammation remains controversial, it 
is likely multifactorial and may involve infectious agents. It remains unclear if 
atherosclerosis is due to continued, chronic inflammation at the site or episodic 
inflammation from other sources that exacerbates the condition at the lesion. 
If C. pneumoniae infection of the cell types associated with the atheroma is con- 
nected to modification and/or dysregulation of those cells in ways that promote 
or exacerbate inflammation, then a strong case exists for this bacterium to con- 
tribute to the disease state. 



3.1. C. pneumoniae and Host Cell Signaling 

Vascular remodeling is a characteristic ofproatherogenic functions, and vas- 
cular smooth muscle and endothelial cells are integral to this process. As such, 
inflammatory mediators released from infected cells that induce proliferation 
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likely aggravate the atherosclerotic condition. Chlamydia pneumoniae may play a 
role in this process. When this organism infects vascular cells, signal transduc- 
tion pathway activation occurs that results in changes that are characteristically 
atherogenic. Because signal transduction involves complex pathways with re- 
dundant interactions between them, there is great potential for activation to 
be achieved via limited mechanisms. For example, a single ligand may bind a 
receptor, which results in the downstream activation of a single mediator that in 
turn can elicit pleiotropic effects. Consequently, a handful of chlamydial com- 
ponents may elicit activation even in the absence of the organism itself. These 
soluble mediators may be released by persistent or actively growing organisms 
in a low percentage of host cells; thus failure to detect the organism by culture 
or PCR may not always eliminate a chlamydial aspect to this disease. 

Vascular smooth muscle cells (VSMC) are critical components of the 
atherosclerotic plaque, and unprogrammed growth can lead to the progres- 
sion of disease toward enlarged plaques. If C. pneumoniae can induce vascular 
smooth muscle cell proliferation, either directly or indirectly, then this would be 
further evidence that this organism can contribute to the progression of lesions 
within the vasculature. Miller et al. demonstrated that infection of this cell type 
with C. pneumoniae can lead to the activation of transcriptional regulators that 
are known to induce proliferation. In these experiments, smooth muscle 
cells were infected or uninfected in the absence or presence of azithromycin, 
an antibiotic with activity against chlamydiae. Activation of the transcriptional 
regulators NF-KB and AP-1 was monitored via electrophoretic mobility shift as- 
says of nuclear extracts shortly after infection. In all cases, VSMCs infected with 
C. pneumoniae in the absence of azithromycin were able to elicit activation of NF- 
KB and AP-1. These changes were accompanied by an increase in cell growth 
compared to controls and infected cells treated with azithromycin. NF-kB and 
AP-1 are important proinflammatory transcriptional mediators that initiate the 
production ofvarious cytokines and growth factors. These data suggest a mecha- 
nism whereby C. pneumoniae is able to modify cell growth in away that promotes 
atherosclerotic lesion development through continued inflammation and cell 
proliferation. 

Dechend et al. analyzed the effect of C. pneumoniae infection on the acti- 
vation of NF-KB and PAI-1, plasminogen activator inhibitor 1, in VSMCs and 
endothelial cells.'^^^* Here, immunoblots were used to assess protein expres- 
sion of prothrombic and immunomodulatory factors. Infected VSMCs showed 
significantly more procoagulant protein than mock-infected controls. Infected 
endothelial cells responded similarly but also produced significant amounts of 
lL-6, a cytokine that is associated with atherosclerotic inflammation by virtue of 
its ability to induce the acute phase response. In both cell types, these changes 
were accompanied by an increase in NF-kB activation with a subsequent de- 
crease in the levels of its inhibitor iKBa. A previous report from Fryer et al. had 
established that C/j/amyrfia-infected endothelial cells stimulate expression of tis- 
sue factor in a time- and dose-dependent manner independent of chlamydial 
viability These data provide a possible causal role for C. pneumoniae in plaque 

rupture and coagulant activity by its ability to both infect cells associated with 
the plaque and to elicit prothrombic and proinflammatory mediators. 
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Elaboration of cytokines from dysregnlated smooth mnscle cells affects en- 
dothelial cell fnnction in concert with the inflammatory effect on this cell type. 
Endothelial cells comprise the luminal surface of the vasculature and thus are 
intimately involved in any event that leads to vascular remodeling as occurs in 
atherosclerosis. Several studies have analyzed the effect of C. pneumoniae on en- 
dothelial cells. This work has focused on activating signal transduction pathways 
and adhesion molecule expression. However, endothelial cell infection can af- 
fect other cell types within the vicinity of the atheroma. Coomhes and Mahony 
showed that an infected endothelial cell secretes a factor(s) that can induce 
proliferation of smooth muscle cells. In these experiments, culture medium 
from infected endothelial cells was transferred at various time points to smooth 
muscle cell monolayers. Proliferation was monitored by tritiated thymidine up- 
take and increase in cell number. These data demonstrated that C. pneumoniae 
infection of endothelial cells induces secretion of a smooth muscle cell stimu- 
latory factor(s) in a dose- and time-dependent manner. This property did not 
appear to rely on live organisms but solely on cell contact or entry, as heat-killed 
chlamydiae and organisms grown in the presence of chloramphenicol, which 
prevents protein synthesis, did not abolish the activity. Further studies will be 
required to discern which components of the chlamydia activate endothelial 
cell signal transduction pathways, as well as the secreted factor responsible for 
inducing smooth muscle cell proliferation. 

Diapedesis of leukocytes into the extravascular space of the lesion exacer- 
bates the inflammatory condition of this site. Indeed, accretion of leukocytes, 
particularly monocyte-derived macrophages that are subsequently activated by 
cytokines, in the atherosclerotic intima contributes to plaque rupture and my- 
ocardial infarction. Molestina et al. provide an interesting study on the effect 
C. pneumoniae infection of endothelial cells has on this process. Human um- 
bilical vein endothelial cells were infected with heart, respiratory, or laboratory 
isolates of C. pneumoniae or different serovars of C. trachomatis, and subsequent 
production of chemotactic products were measured. Neutrophil and monocyte 
transendothelial migration were assessed in response to endothelial cell infec- 
tion with live, heat-killed, and UV-treated C. pneumoniae in an in vitro model 
system. In most cases, live organisms were better able to induce diapedesis 
across the endothelial cell layer. Organisms that had been passaged greater 
than 40 times in HEp-2 cells resulted in greater induction. High-passaged organ- 
isms were also able to better induce IL-8 and MCP-1 secretion from endothelial 
cells, with little difference in that ability between UV-treated and live bacteria. 
These proteins are chemotactic for neutrophils and monocytes, thus providing 
a mechanism for transmigration of these cell types .Infection with C. trachomatis 
serovars failed to induce secretion of either chemotactic protein but was able 
to productively grow within endothelial cells. A slight but significant increase 
in transmigration of monocytes was observed for endothelial cell infection with 
C. trachomatis but not to the extent of infection with C. pneumoniae. The lack of 
secreted IL-8 and MCP-1 in response to heat treatment implies a heat-sensitive 
antigen in this process such as cHspbO. Because C. trachomatis failed to induce 
secretion of these proteins when it has a highly orthologous Hsp60, another 
antigen that is unique to C. pneumoniae is likely responsible for this effect. 
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In an earlier study, Molestina et al. had demonstrated heterogeneity in the 
major outer membrane protein among C. pneumoniae strains and in their ability 
to induce chemokine secretion and adhesion molecule expression/^^^ In this 
more recent report (Molestina, 1999), the authors comment that serial pas- 
sage through HEp-2 cells may have resulted in the acquisition/upregulation or 
loss/downregulation of key components that favor activation of endothelial cells 
in such a way as to elicit transmigration across the cell layer. This finding was 
interesting because low-passage heart isolates, more recently removed from the 
atheroma, were less efficient at activating endothelial cells than high-passage 
heart isolates, which have likely become adapted to the cell culture system. 
These data suggest that particular clonal variants are being selected during se- 
rial passage through the standard epithelial cell culture system. Furthermore, 
because the low-passage heart isolates are poorer inducers of chemotactic pro- 
teins, it becomes difficult to explain a role for this organism in the pathogenicity 
of atherosclerosis as this relates to endothelial cell activation and recruitment 
of leukocytes unless one posits that the heart isolates were initially potent ac- 
tivators that have downregulated expression of key antigens involved in this 
process. 

Endothelial cell activation in response to infection with C. pneumoniae has 
been characterized by cDNA microarray analysis. Coombes and Mahony isolated 
mRNAfrom uninfected and infected endothelial cells 18 h postinfection and 
generated cDNA probes to an array of 268 human genes, including cytokines, 
growth factors, and receptors. Data obtained from the array support earlier 
findings of IL-8 and MCP-1 activation. In addition, many growth factors that 
may induce proliferation of smooth muscle cells were upregulated in response 
to infection. Interestingly, Kothe etal. found that pretreatment of macrophages 
and endothelial cells with HMG-CoA inhibitors, cholesterol lowering agents, 
resulted in less secretion of IL-8 and MCP-1. Krull et al. showed a marked 
increase in protein tyrosine phosphorylation, MAPK activation, and NF-kB ac- 
tivation in endothelial cells shortly after infection with a respiratory isolate of 
C. pneumoniae}^^ Activation of these signal transduction cascades resulted in 
an upregulation of transcription for adhesion molecules, including VCAM-1, 
ICAM-1, and E-selectin. Together, these data provide a mechanistic rationale 
for this pathogenic organism to recruit leukocytes to an area of potential in- 
flammation. 



3.2. Chlamydiae-Macrophage Interactions 

Two components that have been implicated in the pathogenesis of a num- 
ber of chronic chlamydial diseases, such as trachoma and pelvic inflammatory 
disease, are the organism’s EPS and heat shock protein-60 (cHsp60).^^’^ EPS 
molecules in Gram-negative bacteria are potent stimulators ofimmune cells and 
induce the release of inflammatory mediators suchas TNFa. Serological associa- 
tions between heat shock antigens and chlamydial diseases have been established 
and suggest that these are possible virulence factors. Furthermore, Kol et al. 
demonstrated the presence of cHsp60 in atheromatous tissue collected from 
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humans/^^ Together, these ohservations support a role for chlamydial antigens 
in atherogenic events. 

LDL uptake by macrophages is a tightly regulated process that prevents lipid 
accumulation within the cell. Under nonatherogenic conditions, LDL uptake 
causes the transcriptional downregulation of its receptor. Scavenger receptors, 
however, may bypass this control by allowing the endocytosis of modified LDL. 
Oxidized LDL is one such form that has been shown to bind to these receptors 
and to accumulate within macrophages. An initial report on the pathogenic ca- 
pabilities of C. pneumoniae in atherosclerosis studied the interaction of the bac- 
terium with macrophages in the presence of native LDL.*^®^ These data showed 
that C. pneumoniae-mf&cted macrophages were much more likely to accumulate 
lipids, stored in the form of cholesteryl esters, and consequently, to form foam 
cells. Furthermore, this ability was not inhibited through blocking scavenger 
receptors, which proved that modified LDL uptake was not responsible. Inter- 
estingly, treatment with heparin, a competitive inhibitor for the LDL receptor, 
reduced foam cell formation in the presence of native LDL but not oxidized 
LDL. These experiments were the first to implicate C. pneumoniae as a causative 
agent of atherosclerosis by showing that the pathogen may dysregulate native 
LDL uptake or metabolism. 

Subsequent experiments determined that the chlamydial component re- 
sponsible for inducing foam cell formation was cLPS.^^^' Heat-killed EBs main- 
tained this ability whereas periodate-treated EBs abolished it. Purified cLPS was 
able to reproduce these results, and cholesteryl ester accumulation was blocked 
by an LPS inhibitor, lipid X. There is no data to suggest that C. pneumoniae clones 
produce differing amounts ofcLPS. However, because of the low biologic activity 
of the cLPS compared with most Gram-negative LPS molecules, it is tempting to 
speculate that clonal variants selected in atherosclerotic plaques may upregulate 
cLPS synthesis genes. An analysis of laboratory- strain versus heart-isolate gene 
expression of the cLPS synthesis genes under productive and nonproductive 
growth conditions could begin to answer this question. 

Oxidation of LDL is another important atherogenic event that promotes 
leukocyte diapedesis, smooth muscle cell migration and proliferation, and injury 
to vessels and can be linked to C. pneumoniae. Kalayoglu et al. showed that infected 
monocytes, cultured in the presence of LDL, generated oxidized LDL compared 
with mock-infected cells.^^' This occurred in a time- and dose-dependent mech- 
anism and was inhibited by the antioxidant vitamin E. Since LDL oxidation is 
thought to occur by superoxide-dependent mechanisms, experiments were per- 
formed to determine what role this pathway played in the modification of LDL. 
No increase in superoxide anions was seen in infected monocytes compared with 
appropriate controls. Blockage of the superoxide pathway with inhibitors failed 
to decrease the oxidation of LDL. Heat- or UV-treated chlamydiae were assayed 
for their ability to induce lipoprotein modifications. Heat treatment severely 
abrogated LDL oxidation whereas UV treatment had little effect. To further 
evaluate chlamydial antigens that might be responsible for this effect, cHsp60 
and cLPS were examined. cHsp60 consistently reproduced the previous obser- 
vations in a dose-dependent fashion. The chlamydial Hsp60 has also been shown 
to regulate TNFa and matrix metalloproteinase expression in macrophages.'^''^ 
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These data provide a mechanism for chlamydial antigens to promote plaque 
destahilization with subsequent coronary events since matrix metalloproteinases 
can contribute to the break down of the atherosclerotic plaque. 

Because of the importance of chlamydial heat shock proteins in diseases 
caused by this pathogen, it was particularly intriguing to find that there are three 
paralogous Hsp60 genes in both C. pneumoniae and C. trachomatis!'^^ Whereas 
each paralogue is only about 25% similar, the same orthologues between species 
are more than 90% identical. The cHsp60 used in the experiments performed 
by Kalayoglu et al. was cHsp60 cloned from C. trachomatis. This in no way 
invalidates the results obtained because only C. pneumoniae whole organisms 
have been shown to elicit these proatherogenic responses. The possibility that 
clonal variants isolated from atheromatous tissue might preferentially express 
one or more of these Hsp60 paralogues as compared to respiratory isolates is 
extremely interesting. Alternately, some strains may produce large amounts of 
cHsp60 protein when growing within macrophages. Indeed, it is documented 
that chlamydiae grown in vitro under conditions that induce persistence, a con- 
dition that is thought to mimic in vivo chronic infections, Hsp60 production is 
greatly upregulated.*^^®^ Growth in macrophages is usually nonproductive, thus 
supporting this as a persistent-like growth state. The particular isoform of Hsp60 
was not elaborated from these studies, so it remains to be seen whether one or 
more paralogues are expressed. 



4. C. pneumoniae STRAIN HETEROGENEITY IN 

CARDIOVASCULAR DISEASE 

Because C. pneumoniae has such broad host tropism and is able to cause 
both acute and chronic diseases, the possibility exists for specific clonal isolates 
to be associated with each disease or disease site. From the three isolates se- 
quenced, it is clear that both interstrain and intrastrain heterogeneity is present 
in C. pneumoniae populations. Vascular isolates of this organism will likely have 
subtle genetic differences, which indicate a propensity for growth and/or survival 
in the vasculature, when compared with respiratory isolates. Figure 3 provides 
a model for how specific clonal isolates may be associated with disease sites by 
their propensity to infect and survive within specific cell types. Many isolates 
may be present during the initial infection of the host. However, only a subset 
of that population will have the ability, for example, to infect and survive within 
macrophages, which may subsequently localize to atheromas. 



4.1. The tyrP Polymorphism and SNPs 

There are several mechanisms for inducing persistence in vitro. These in- 
clude activation of host cells with interferon gamma (IFNy) , treatment with 
antibiotics such as penicillin, and amino acid starvation. The amino acid 
tryptophan has been shown to be critical for normal chlamydial growth and de- 
velopment and, indeed, IFNy activates the enzyme indoleamine-2,3-dioxygenase 
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FIGURE 3. When C. pneumoniae is transmitted from host to host, multiple variants can infect 
the cells present in the lung. However, only a subset of variants has the ability to infect and to 
survive within macrophages and lymphocytes, which are subsequently disseminated through 
the circulation to the atheroma. Therefore, variants of a specific genotype that exist within 
atheromas should be identifiable. 



(IDO), which catalyzes the formation of kynurenine from tryptophan/^ This 
limits intracellular tryptophan for use by chlamydiae, thus rendering them per- 
sistent. The tyrP gene is classified as a tyrosine permease and is thought to be 
an aromatic amino acid transporter, making it one possible mechanism for im- 
porting tryptophan into the bacteria. The tyrP region of the chromosome was 
identified by Read et al. as a noticeable polymorphism, as in some readthroughs 
they found two copies present whereas in others there was only one.*^®' The 
physiologic significance of this observation, if any, is not fully understood. One 
can envision a scenario where chlamydiae with multiple copies of this gene are 
better able to withstand tryptophan limitation within a host cell. Alternately, 
organisms that have only one copy may be predisposed to persistent growth, 
such as in macrophages. 

Gieffers etal. developed a unique method for isolating clonal populations of 
C. pneumoniae using the tyrP polymorphism as an indicator of homogeneity.*^' 
They showed that in many of the routinely used laboratory strains, both one and 
two copies of the polymorphism were present as shown in the AR39 sequence. 
In a clinical respiratory isolate, these findings were also replicated. When the 
respiratory isolate was clonally purified however, strains containing either one 
or two copies were found, thus proving their ability to generate genetically ho- 
mogeneous populations as assessed by this polymorphism. In a follow-up study 
examining tyrP gene copy number in clinical isolates, Gieffers et al. (submitted) 
found that respiratory isolates usually had multiple copies of tyrP, with some 
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isolates showing a mixture of populations with single and multiple copies. In- 
terestingly, all vascular isolates examined had only one copy of the gene. Copy 
number was also related to increased tyrosine transport as demonstrated by ra- 
diolabeled uptake assays. These data imply that vascular strains may indeed be 
predisposed toward persistent growth and thus be better able to maintain the 
chronic infection at the site of atheroma. 

The vast majority of polymorphisms within the AR39 strain, as reported by 
Read etal, were single-nucleotide polymorphisms or SNPs.*^®^ It has been docu- 
mented in other pathogenic bacteria that certain strains, identified by their SNP 
patterns, are more virulent than others . Most of the SNPs within the AR39 strain, 
however, occur in the intergenic region, implicating that most of these changes 
are not phenotypically apparent. Analyses will have to be performed to assess 
what role these SNPs have on virulence and if they can be used to differentiate 
strains in a meaningful way. Another potentially intriguing polymorphism is the 
upstream promoter region for the uridine kinase gene. The AR39 region was 
in a reverse orientation compared with CWL029. Uridine kinase is an impor- 
tant enzyme in nucleoside metabolism, and the ability to regulate its expression 
suggests another means for either resisting or inducing persistent growth in 
otherwise unfavorable conditions. Again, analysis ofvarious clinical strains may 
resolve this finding. The relative position of some of these more interesting 
polymorphisms as well as the genes related to the type III secretion system is 
indicated in Fig. 4. Many of the pmp genes are localized to a distinct region of 
the chromosome although some remain separate. There is no clear explanation 
for the apparent scattering of these interesting polymorphisms. 



Polymorphisms and Gene Paralogs within the Chlamydia 
pneumoniae Genome 



tyrP/yccA: aromatic amino acid ^ 
permease 
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FIGURE 4. Listed is a set ofpolymorphisms within the C. pneumoniae genome and their relative 
positioning in the chromosome. These genes are likely involved in the pathogenicity of the 
microorganism. 
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4.2. Host Tropism and Polymorphic Outer Membrane Proteins 

Chlamydia species collectively have the ability to infect a wide range of hosts, 
from birds to mammals, and host cells, from epithelial cells to macrophages. 
C. pneumoniae, in particular, has a broad tropism within its human host and 
can infect epithelial cells, endothelial cells, smooth muscle cells, lymphocytes, 
and phagocytes. Atherosclerotic lesions contain both macrophages and 
T lymphocytes that actively secrete cytokines that may eventually lead to plaque 
rupture and infarcts . Haranaga etal. demonstrated the capacity of C. pneumoniae 
to infect and multiply within lymphocytes in vitro, particularly T lymphocytes.*^^^^ 
Thus, macrophages and T lymphocytes at the site of atherosclerotic lesions may 
be activated by infection with this pathogen to accelerate the disease state. Al- 
ternately, infected lymphocytes may disseminate the organism from the lung 
to vascular sites. Moazed et al. demonstrated that C. pneumoniae infection was 
disseminated to the blood via peripheral blood mononuclear cells in experi- 
mental mice.^^'^^ Monocytic cells were posited as the responsible cell type, but 
the work performed by Haranaga et al. strongly implicate lymphocytes as the 
cellular transporter for this bacteria. Further work by Y amaguchi et al. sug- 
gests that C. pneumoniae infection may cause monocytes to differentiate into 
macrophages. Data collection involved infecting a monocytic cell line as well 
as peripheral blood monocytes and looking for characteristic differentiation. A 
study by Kalayoglu et al. suggests that C. pneumoniae-initcttd monocytes exhibit 
increased adherence to endothelial cells and that this activity may be modu- 
lated by cLPS since adherence was inhibited by the LPS antagonist lipid 
Together these data suggest a mechanism whereby chlamydiae that enter the 
lung might infect lymphocytes that subsequently enter the bloodstream, are lo- 
calized to atherosclerotic lesions, transmit infection to circulating monocytes 
that differentiate into macrophages, and are able to attach to endothelial cells, 
and finally elicit cytokine secretion by aU cellular components of the lesion. 

Host specificity and tropism, at least for intracellular pathogens, are medi- 
ated by outer membrane proteins. For many pathogens, the ligand that attaches 
to host receptors can be determined by gene knockout and replacement analy- 
ses. For chlamydiae, these studies are more difficult. Prior to the availability of 
genomic sequences, the major outer membrane protein (MOMP) was thought 
to be the likely ligand for host cell attachment considering its prominence in 
the outer envelope as well as its immunodominance. Recent studies suggest that 
MOMP may provide an initial electrostatic interaction with the host cell whereas 
secondary, more specific interactions strengthen the attachment and facilitate 
entry. The genome sequences for C. pneumoniaerewealed a family of 21 poly- 
morphic outer membrane proteins or Pmps.*^^“^°^ Considering the small size 
of the genome (1.23 Mb), this was an interesting finding, as this gene family 
accounts for almost 2% of all open reading frames. Grimwood et al. assessed 
expression patterns of Pmps over the course of infection and found that all pmp 
genes were transcribed.*^^’^ Antisera generated against each Pmp showed that 
8 Pmps were expressed. Vandahl eta/, detected 10 Pmps among other Omps in 
elementary bodies using mass spectrometry. For all of these proteins, several 
spots were associated with each, indicating that more than one isoform may be 
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present. What significance this may have for C. pneumoniae attachment and entry 
remains to be investigated. Finally, another study by Montigiani et al. expanded 
these observations by detecting 15 Pmps in EBs using mass spectrometry and 
flow cy tome try. Some studies have suggested that MOMP and Pmp varia- 

tions do not account for host cell tropism; however, these studies indubitably 
relied on nonclonal populations of the bacteria as no technique was available 
at the time to isolate clonal variants. It is quite possible that, among the likely 
several strains in the sequenced population, any obvious differences that would 
imply host cell tropism are masked. Further investigation with clonal popula- 
tions may help to explain the broad host cell tropism that is characteristic of 
C. pneumoniae. 

Ppps, or C. pneumoniae polymorphic proteins, have recently been character- 
ized by Rocha et The function of ppps is not known, but the presence of a 
signal sequence and a transmembrane domain, and the composition of the pro- 
tein itself, suggests that these genes are likely outer membrane components. This 
subset of genes contains repetitive elements (tandem and nontandem, ofvarious 
sizes) that would be conducive to homologous or illegitimate recombination, 
allowing the authors to claim that “C. pneumoniae has the highest potential for 
recombination among fully sequenced Chlamydiaceae. Furthermore, these 
ppp genes appear unique to this organism. Most of the ppp genes are transcribed, 
prompting Rocha et al. to hypothesize that variation may occur from differen- 
tial gene silencing and protein production. Other mechanisms may include 
gene conversions and duplication/deletions between elements that are adja- 
cent within the chromosome. Gene conversions may have occurred between 
ppp2 and ppp6 in the laboratory strains AR39 and CWL029, rendering these 
genes highly similar in both strains. Interestingly, strains TW-183 and IOL-207, 
which were originally isolated from the conjunctiva, had deleted certain ppp 
genes. Any significance these findings have in vivo will require further exam- 
ination. Again, these strains were not clonal, so it is possible that within each 
“strain,” there were clones where genetic events had occurred and others where 
they had not. This might point to, though not entirely accurately, the conclu- 
sions drawn in this report since only one sequence can be published even if 
there are multiple polymorphisms within a gene. Alternately, if C. pneumoniae is 
truly prone to recombination, then this is interesting as it differs from related 
organisms. These recombinational hotspots could be targets for introducing 
genes into the bacteria. The polymorphic potential of these genes indicate a 
strong probability that they are important in pathogenesis. Rocha et al. believe 
that Ppps may direct the broad tropism that is characteristic of the pathogen, 
although further studies will be required tojustify this claim. 



5. CONCLUDING REMARKS 

Given the plethora of studies associating C. pneumoniae with cardiovascular 
disease, there is a high probability that this microorganism contributes to 
the pathology in some way. The summary of experimental systems described 
here provide several mechanisms whereby C. pneumoniae can affect lesion 




C. pneumoniae IN CARDIOVASCULAR DISEASE PATHOGENESIS 



149 



development and progression through direct (via infecting cells) or indirect 
(via its antigens and the host’s response to them) interactions with the 
components of the lesion. Clearly, this is an important pathogen, and further 
studies are necessary to determine not only causal roles in atherosclerosis but 
treatment strategies. 
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Animal Models of Chlamydia 
pneumoniae Infection and 
Atherosclerosis 

IGNATIUS W. FONG 

1. INTRODUCTION 

Chlamydia pneumoniae has been associated with cardiovascular disease and 
stroke in humans by numerous cross-sectional and case-control studies/*’^^ 
but prospective, longitudinal studies have produced mixed results and most 
have not confirmed this association.*^^’"^* However, pathological studies have es- 
tablished the association of C. pneumoniae antigen or DNA with atherosclerosis 
from surgical and autopsy vascular specimens, with odds ratio of around 
Although in vitro and cell culture studies have supported biological plausible 
mechanisms for C. pneumoniae to induce or accelerate atherosclerosis,*^"^^ they 
lack the complexity of a real disease, thus limiting the scope of testing the hy- 
pothesis of causality. 

Animal models are more likely to mimic real disease in humans, and are 
critical in many conditions in the understanding of the pathogenesis, cause-and- 
effect relationships and subsequent approaches to treatment and prevention 
of diseases. Thus, animal experimentation in medical research has played a 
maj or role in our understanding of diseases. The earliest recorded use of animal 
models extends as far back as 500 BC, when Alcmaeon of Croton defined the 
function of the optic nerve by transection in a living animal.^®' The Hippocratic 
treatise on the heart (circa 350 BC) discussed cutting the throat of a pig that 
drank colored water to study the act of swallowing.*^®^ 
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1.1. Animal Models Used in Atherosclerotic Research 

It is almost a hundred years now since the first evidence of experimental 
atherosclerosis was reported. Ignatowski in 1908 first reported thickening of 
the intima with the formation of large, clear cells in the aorta of rabbits fed a 
diet rich in animal proteins (meat, milk, and eggs).*^’^ Anitschkow in 1913 was 
responsible for establishing the cholesterol-fed rabbit model for atherosclero- 
sis research.*^** He demonstrated that cholesterol caused these atherosclerotic 
changes in the rabbit arterial intima in a dose response fashion, which was very 
similar to human atherosclerosis. Since then, induction of atherosclerotic le- 
sions in several animal models besides rabbits have been reported,*^®^ including 
rodents (mice, rats, hamsters, guinea pigs), avians (pigeons, chickens, quail), 
swine, carnivores (dogs, cats), and nonhuman primates. More recently trans- 
genic/knockout mice have gained popularity in experimental models of vascu- 
lar disease. Traditionally atherosclerosis in these models have been produced 
by inducing hypercholesterolemia by dietary manipulation, or by mechanical 
inj ury of the arterial intima and by genetic manipulation to induce spontaneous 
hypercholesterolemia. 

Because atherosclerosis is a silent and asymptomatic disease, until compli- 
cations arise late in the course with thrombosis-producing clinical symptoms, 
it is necessary to have models that reproduce human disease in its early stages. 
Unfortunately, not all experimental models of vascular disease have human 
resemblance and validity. There is no perfect or ideal animal model that com- 
pletely mimics human atherosclerosis and the complications. The models that 
most closely resemble human disease are the nonhuman primates and pigs, but 
size of animals and cost have limited the use of these models, especially for 
studies requiring a large number of animals. Moreover, nonhuman primates 
are not available to many investigators and moral issues have been raised by an- 
imal activists of their use in experimentation. Experimental models of vascular 
disease have enhanced our understanding of the molecular and cellular mech- 
anisms in the process of atherogenesis, pathophysiological processes leading to 
spontaneous and accelerated atherosclerosis and thrombosis. 

Animal models have provided insight into the role ofvarious components of 
lipids and lipoproteins, platelets, the renin-angiotensin system, cytokines, and 
growth factors in the evolution and progression of atherosclerosis. Knowledge 
has been gained from these models on the complex interactions of adhesion 
molecules, cytokines, and growth factors with endothelial cells, macrophages, 
smooth muscle cells, and collagen — all key components of the atherosclerotic 
plaque. 



1.1.1. Rabbits 

The rabbit was the first animal model used in atherosclerosis research. 
The rabbit shares several aspects of lipoprotein metabolism — except for defi- 
ciency in hepatic lipase — with humans. This animal model also develops ad- 
vanced atherosclerotic plaques, but extremely high plasma levels of cholesterol 
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are needed for this to occur/®' Atherosclerotic lesions with high-fat/high- 
cholesterol diets are most prominent in the aortic arch and thoracic aorta rather 
than the abdominal aorta, which is most often affected in humans. The normo- 
cholesterolemic rabbit on a standard chow does not develop atherosclerosis. 
However, the Watanabe Heritable hyperlipidemic (WHHL) rabbits with natural 
LDL-receptor deficiency,''®' and the St. Thomas’ Hospital strain, with combined 
hypertriglyceridemia and hyperlipidemia,'"' develop advanced spontaneous 
atherosclerosis. 



1.1.2. Rodents 

Mice: Rodents in general (mice and rats) are resistant to atherosclerosis 
even with a high-fat/high-cholesterol diet. Atherogenic diets cause an increase 
in total cholesterol only 1.1 to 4.3 times the average, and plasma triglyceride 
increase in only some stains of inbred mice.'®' The resistance to atherosclerosis 
in wild-type mice is attributable to elevated high density lipoprotein (HDL) level 
and low cholesterol absorption rate. However, early stages of atherosclerotic le- 
sions (fatty streak) can be induced with atherogenic diets in C57BL/6J mice,''^' 
particularly in the aortic sinus. Genetic modification of mice has resulted in 
a number of gene “knockout” or transgenic mouse models that have become 
popular in atherosclerosis and lipid research. These animals, unlike their wild- 
type counterparts, can develop advanced atherosclerotic lesions rapidly. The 
apolipoprotein E knockout (apoE-KO) mice even on regular mouse chow will 
develop advanced atherosclerotic lesions,''^' and the addition of a cholesterol- 
rich chow will speed up the process and shorten the induction period.'®' The 
LDL-receptor knockout or human apoBlOO transgenic mice will also develop 
advanced atherosclerotic lesions when fed a high cholesterol diet.'''*’*^' Other 
murine models susceptible to advanced atherosclerosis include the cholesterol 
ester transfer protein''®' and apoE* Leiden'*®' transgenic mice, but these are 
less popular among researchers. 

Rats: Similar to mice the rat model is also resistant to atherosclerosis. Rats do 
not have plasma cholesteryl ester transfer protein, and HDL is the major carrier 
of plasma cholesterol. Thus they are hyporesponsive to high dietary cholesterol. 
Strains of rats with heritable hyperlipidemia prone to atherosclerosis are also 
available.'®' 

Guinea Pigs and Hamsters: Guinea pigs, like humans, have lipoprotein (a) 
in their plasma, and accumulation of this atherogenic lipoprotein can be 
found in atherosclerotic lesions.'®' Atherosclerotic changes have been seen with 
cholesterol-enriched diet varying from 0.25 to 2.5% by weight of the chow. 

Hamsters may develop hypercholesterolemia and early atherosclerosis on 
atherogenic diets, such as fatty streaks in the ascending aorta in male Golden 
Syrian hamsters. With atherogenic diet very low density lipoprotein (VLDL) 
content increases over 200%, with a 20% increase in LDL and a 40% decrease 
in HDL cholesterol concentrations.'®' Whereas male hamsters develop hyper- 
lipidemia and atherosclerotic changes of the aorta, female Syrian hamsters 
do not. 
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1.1.3. Other Animals 

Avian models of atherosclerosis include chickens, pigeons, and quail. Chick- 
ens fed high cholesterol diet will develop atherosclerotic lesion of the thoracic 
and abdominal aorta within 2 weeks, but the lesions are not advanced. A 
White Carneau (WC) strain ofpigeons absorbs cholesterol efficiently and devel- 
ops spontaneous atheromas of the thoracic and abdominal aorta and peripheral 
arteries, including the coronary and carotid arteries. Advanced atherosclerotic 
lesions and myocardial infarction with high dietary cholesterol also develop in 
genetic atherosclerosis susceptible Japanese quail. 

Dogs and cats are rarely used in atherosclerotic research and are relatively 
resistant to development of atherosclerosis. However, high-fat/high-cholesterol 
diet can induce early atherosclerotic lesions in both animals.^®* 

Spontaneous atherosclerosis can occur in pigs but very high cholesterol 
is needed to induce atherosclerotic lesions in coronary arteries of miniature 
pigs. Banding of the coronary artery with a copper band seems to enhance the 
development of atherosclerosis. Naturally defective pigs with Lpb5 and Lpul mu- 
tations develops hypercholesterolemia and atherosclerosis in the coronary, iliac, 
and femoral arteries even with low-fat/cholesterol-free diet,^^^ and the severity 
and complexity of the lesions is related to the degree and duration of hyperc- 
holesterolemia (as in humans). 

Nonhuman primates are the closest animal species to man and are attrac- 
tive models. Development of atherosclerosis and myocardial infarction can be 
induced in monkeys with diet-induced hypercholesterolemia. High-fat/high- 
cholesterol diet results in dyslipidemia, with extensive atherosclerosis of the 
aorta and its major branches, the coronary and cerebral arteries, similar to 
lesions in humans.^®* However, the atherosclerotic changes are not exactly 
the same in nonhuman and human primates. The location of atheromas also 
varies among different species ofnonhuman primates. Afamilial LDL receptor- 
deficient rhesus monkey with spontaneous development of atherosclerosis is also 
available.^®^ 



1.2. C. pneumoniae Lung Infection Model 

Pulmonary infection with C. pneumoniaehas been induced by intranasal or 
posterior nasopharyngeal inoculation in mice, rabbits, and nonhuman primates. 
Intranasal inoculation ofS x 10^ inclusion-forming units (IFUs) of C.pneMwio- 
niae in Swiss Webster mice result in a prolonged course of lung infection, with 
reisolation of the organisms from lungs at 42 days and persistence of lung pathol- 
ogy for >60 days.^^** Pathologically the pneumonitis was characterized by patchy 
interstitial neutrophilic infiltration in the early stages and mononuclear cell in- 
filtration in the later stages. Further studies in this model showed dissemination 
to spleen and peritoneal macrophages,**®^ indicating the organism has potential 
to spread to other organs (and the blood vessel wall) by infected macrophages. 
Other mouse strains tested, ICR, BALB/CAnN, C57BL/6N, C3H/HeN, and 
B6C3F1, were also shown to be susceptible to C. pweMmoniac infection.**** 
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Interestingly, even after 30 days when C. pneumoniae cannot be recovered 
from the lungs in mice, there is evidence of prolonged latent infection or per- 
sistence. Mice treated with corticosteroids after primary infection was cleared, 
as indicated by negative cultures, reactivate the infection with the subsequent 
recovery of viable organisms.^^®’^^' 

Lung infection with C. pneumoniae in New Zealand White (NZW) rabbits is 
subclinical with no obvious ill effects, and is characterized by a brief course of 
patchy bronchiolitis and pneumonitis. The infiltration is predominantly of 
mononuclear cells, with some plasma cells and histrocytic giant cells but no neu- 
trophils, and involve the interstitium and alveolae. The pathological changes in 
the lung is most severe by day 7 after inoculation and normalize by days 21 to 
28 ( 22 ) However, unlike the murine model, recovery ofviable C. pneumoniae from 
lungs was not possible,^^^^ and the organism could only be cultured from the 
nasopharynx at days 2 to 3 in a few animals. Bronchial lavage or grounded lung 
tissue from uninfected rabbits when spiked with viable C. pneumoniae demon- 
strate inhibition of growth (unpublished data). The substance (s) in rabbit tissue 
inhibiting cultivation of C. pneumoniae is not known. 

Evidence of widespread dissemination from the lungs to the spleen and liver 
is present in the rabbit model by demonstration of the organism by immuno- 
histochemical stain. Furthermore, we have been able to detect C. pneumoniae 
DNA by PCR in peripheral blood mononuclear cells (PBMC) in 23.7% ofrabbits 
3 days after intranasal inoculation (unpublished data). 

C. pneumoniae has also been demonstrated to produce amild subclinical res- 
piratory infection in nonhuman primates. Two Cynomolgus monkeys were 
inoculated in the nose, nasopharynx, and conjunctiva and C. pneumoniae could 
be isolated from these sites and rectum up to 5 weeks postinoculation. Clinical 
and histopathological ocular responses to C. pneumoniae were very mild com- 
pared with Chlamydia trachomatis. No lung pathology was performed. 



2. MURINE MODELS OE C. pneumoniae-REI^ATTLD 

ATHEROSCLEROSIS 

Studies addressing the issue of induction or acceleration of atherosclerosis 
in murine models have been performed in C57BL/6J, apolipoprotein E knock- 
out (apoE-KO), and LDL-receptor knockout (LDLR-KO) mice. In initial studies 
using apoE-KO mice, which develop spontaneous atherosclerosis, C. pneumoniae 
could be recovered from 10 to 25% of abdominal atherosclerotic aortae within 
1-2 weeks after intranasal inoculation, but PCR detected the DNA in 35-100% of 
aortae up to 8-16 weeks after inoculation. In C57BL/6J mice, which develop 
very mild early atherosclerotic lesions on an atherogenic diet, C. pneumoniae was 
detected in only 8% of mice 2 weeks after inoculation. 

In male apoE-KO mice on C57BL/6 background intranasal inoculation 
with 3x10^ IFU of C. pneumoniae (AR-39) at 8, 9, and 10 weeks of age, resulted 
in 2.4- and 1. 6-fold increased area of atherosclerosis of the aortic arch at 16 
and 20 weeks of age, respectively.*^^®^ No difference in gross histologic findings 
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were observed between infected and uninfected mice, and lesions varied from 
fatty streaks to raised atheromas. Using the same apoE-KO male mice two inoc- 
ulations of C. pneumoniae intranasally at 6 and 8 weeks of age resulted in 70% 
increase in lesion size of the aortic sinus at 16 weeks of age, compared with 
uninfected controls in another study However, combined infection with cy- 
tomegalovirus did not result in additive or synergistic effect. In apoE-KO female 
mice inoculated at 10 and 12 weeks and killed at 20 weeks there was no sig- 
nificant increase of aortic lesions in C. pne umoniae-mf &cted versus noninfected 
animals; hut when inoculated at 12 and 14 weeks and sacrificed at 26 weeks 
the atherosclerotic index increased by almost 2-fold in the infected group, p < 

In addition, endothelial dysfunction (which is believed to occur in the 
initial stages of atherogenesis) can he induced after repeated infection with 
C. pneumoniae in apoE-KO mice.^^®^ However, the results of exacerbation or 
acceleration of atherosclerosis in apoE-KO mice with C. pneumoniae infection 
have not been consistent. Two other groups failed to demonstrate an increase 
in the extent of atherosclerosis with C. pneumoniae-mfeci&d mice compared 
with uninfected controls.*^**’^'^ In the Finnish study two strains of apoE- 
KO mice were used (FUB and C57BL/6J backgrounds), males and females, 
and were fed either regular, low-fat chow or a high-fat diet. Two inoculation 
schedules were examined: one set of male mice were inoculated intranasally 
with 3x10® IFU of C. pneumoniae at weeks 8, 9, and 10 and sacrificed 10 weeks 
later; 10 control and 10 infected mice were fed regular chow, and 6 control 
and 4 infected mice received a high-fat diet. Another group of mice (males and 
females) were inoculated four times at 3-4 week intervals with initially 1 x 10® 
IFU and subsequently 1 x 10® IFU of C. pneumoniae and sacrificed 18 weeks later. 
Of interest in this study, all infected animals demonstrated antibodies with liters 
ranging from 32 to 128 but none of the 20 infected mice had any detectable 
C. pneumoniae DNA (analyzed by PCR) of the aortic samples. Moreover, there 
were no significant changes in the lipid levels with infection. 

In the other negative study,*^^** female apoE-KO (on C57BL/6J background) 
and wild-type (C57BL/6J) 6- to 8-week-old mice were used. Thirteen apoE-KO 
and 8 wild-type mice were inoculated with 10® IFU of C. pneumoniae once and 
sacrificed at 22 weeks; a second group of 14 apoE-KO mice were reinfected at 
18 weeks. All mice were fed standard mouse chow. No evidence of induction of 
atherosclerosis was evident in wild-type mice nor acceleration of atherosclerosis 
in the apoE-KO mice. This study differed significantly from previous studies 
demonstrating acceleration of atherosclerosis in apoE-KO mice in two main 
respects, the inoculation schedule was different and less frequent and female 
instead of male mice were used. There is evidence that female animals, like 
humans, are less susceptible to development of atherosclerosis; however, others 
have used female apoE-KO mice with success, though sacrificed at a later 
time. 

Wild-type C57BL/6J mice, resistant to atherosclerosis, has been shown by 
others not to develop atherosclerosis with or without C. pneumoniae infection 
on regular chow.*^^^^ However, when fed a high-fat/high-cholesterol diet these 
mice show early changes of atherosclerotic lesions in the aortic sinus, and 
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C. pneumoniae infection increases these lesions by 2.5-fold at 18 weeks, after 
triple inoculation between weeks 8 and 11, and 3.3-fold by 24 weeks. A fur- 
ther study by the same group demonstrated that C. pneumoniae did not accelerate 
the aortic lesions in wild-type mice if the atherogenic diet was started after the 
infection rather than at the same time.^^^^ C. pneumoniae, however, can induce 
mild inflammatory changes in the heart and aorta of normocholesterolemic 
wild-type mice.*^'^^ 

Another hypercholesterolemic murine model demonstrating accelerated 
atherosclerosis with C. pneumoniae infection is the LDLR-KO mice. In a study 
using female B6, 129 mice (4-5 weeks old) with LDLR gene deficiency fed nor- 
mal chow did not result in atherosclerotic changes of the aorta with or without 
C. pneumoniae infection. However, with a 2% cholesterol diet and monthly 
intranasal inoculations of 0.5-1 x 10^ IFU of AR39 for 9 months resulted in 
an increase in the aortic lesion area, from 20% in controls to more than 30% 
in C. pneumoniae-infected but not C. trachomatis-infectsd mice. The lesions in 
the AR39 infected group were also more severe and advanced than the control 
group. The cholesterol-enriched diet increased total cholesterol levels (pri- 
marily LDL) over standard chow by 2-3-fold, but chlamydial infection did not 
alter total cholesterol or LDL serum levels. A summary of the murine model 
results on atherosclerosis is shown in Table I. 



3. RABBIT MODELS OF C. pneumoniae INFECTION AND 

ATHEROSCLEROSIS 

C. pneumoniae was first demonstrated to produce early lesions of atheroscle- 
rosis (fatty streak) in the normocholesterolemic NZW rabbits. Further studies 
in this model by our group with much larger number of animals demonstrated 
the de novo induction of early atherosclerotic lesions with regular chow in up to 
26% of animals after a single inoculation intranasally of LO-2.6 x 10^ IFU of 
C. pneumoniaeP^^ These lesions were predominately microscope grade I lesion 
(fatty streak) or grade II lesion (advanced fatty streak with mixture of foamy 
macrophages and smooth muscle cells) (see Fig. 1). However, multiple inocu- 
lations on three occasions on regular chow resulted in more advanced lesions 
(fibromuscular lesion with and without calcification), grade III-IV (Fig. 1) in up 
to almost 35% of rabbits. Some of these lesions could now be seen macroscop- 
ically on the surface of the aorta as small, focal, raised patches. The typical 
mature atheromas, as seen in humans, with central lipid core and fibrous cap- 
sule was not seen in these infected normocholesterolemic rabbits. Although the 
lesions of the infected normocholesterolemic rabbits were somewhat dissimi- 
lar to rabbits fed a high cholesterol (0.25-0.5%) diet, they were quite similar 
(histologically) to lesions in animals fed a lower cholesterol diet (0.15%) (See 
Fig. 2), which resulted in a total serum cholesterol level (4.0 mmol/1) considered 
normal for humans. 

Of interest although, we could not demonstrate increased proinflammatory 
cytokines in these lesions compared with controls; 5-7 of 17 infected animals 
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FIGURE 1. The histological changes of atherosclerosis of the aorta are shown in the normo- 
cholesterolemic (de novo) rabbit model, (a) Grade I lesion; foamy macrophages in intima 
(with clear, vacuolated cytoplasm). The arrow heads indicates internal elastic lamina. H & E 
stain, original magnification x250. (b) Grade II lesion (advanced fatty streak); mixed foamy 
macrophages and spindle smooth-muscle cells predominating in the intima. Arrow heads in- 
dicate internal elastic lamina. H & E stain, original magnification x250. (c) Grade III lesion 
(fibromuscular); predominantly smooth cells in the intima. Arrow heads indicate internal 
elastic lamina. H & E stain, original magnification x250. (d) Grade IV lesion; advanced fi- 
bromusclar lesion with smooth muscle cell proliferation and clarifications (indicated by arrow 
heads). This lesion lacks foam cells, lipid core and fibrous cap as typical for Stary’s type IV 
lesion or seen with high cholesterol diet in the rabbit. H & E stain, original magnification 
x250. 



demonstrated transforming growth factor (TGF)-P and platelet derived growth 
factor (PDGF) (tissue growth factors important in atherogenesis) in aortic le- 
sions versus 0 of25 in normal aorta of controls; p = 0.0007 to 0.0073, respectively 
(Fisher’s exact test).*^^®^ Furthermore, using reverse-transcriptase PCR it was 
demonstrated that C. pneumoniae infection of endothelial cells in vitro induced 
PDGF-p messenger RNA expression; and in the infected normocholesterolemic 
rabbits, increased maximal intimal thickness of the aorta was independently 
correlated with the presence of PDGF-P {p = 0.009) and C. pneumoniae anti- 
gen {p = 0.043) in aortic tissues. C. pneumoniae could also be detected in 
aortic lesions by immunohistochemical stain in 41 % of the infected animals 
with atherosclerotic changes. In addition, none of the sham-infected or My- 
coplasma pneumoniae triple-infected rabbits had any changes representative of 
early atherosclerosis. 
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FIGURE 2. Comparison of the early lesions of atherosclerosis with C. pneumoniae iniQciion in 
normocholesterolemic rabbits (left frames), compared to the changes in uninfected rabbits 
fed 0.15% cholesterol diet (cholesterol 4.0 mmol/L in blood) (right frames), note the simi- 
larity between the sections on the right and left. Top: Grade II lesion (advanced fatty streak), 
with mixture of foamy macrophages and smooth-muscle cells. Bottom: Grade IV advanced 
fibromuscular lesion with smooth-muscle cell proliferation and calcification (dark red, linear 
strains). 



Finnish investigators using NZW rabbits fed standard chow, with two in- 
tranasal inoculation of C. pneumoniae, were able to detect inflammatory changes 
of the aorta, consisting of intimal thickening or fibroid plaques in 6 of 9 animals 
after 2 to 4 weeks following reinfection^ ** 

NZW rabbits fed cholesterol-enriched chow develop changes of atheroscle- 
rosis, the severity and extent depending on the concentration of lipids in the diet 
or the level of hypercholesterolemia. It was first shown by Muhlestein et 
that triple intranasal inoculations (3 weeks apart) with C. pneumoniae in rabbits 
fed a 0.25% cholesterol diet would increase the maximal intimal thickness (3.4- 
fold increase) versus uninfected controls (p = 0.009), and similarly the plaque 
area index of atherosclerosis was 8-fold greater (p < 0.05) in the aorta.^^®^ In 
this study, however, lipid levels were not analyzed. 

Theoretically, C. pneumoniae infection could enhance or induce atheroscle- 
rosis in the rabbit model by direct or indirect mechanisms. Direct infection 
of the arterial wall could lead to endothelial dysfunction, increase inflamma- 
tion and foam cell formation through the effect of lipoplysaccharide,^"'°* or 
enhance LDL oxidation through chlamydial heat shock protein. Indirectly, 
infection could aggravate or accelerate atherosclerosis by alteration of serum 
lipid profile to a proatherogenic environment. In a study to address the latter 
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TABLE n 

Effect of C. pneumoniae Infection on Atherosclerosis, Fibrinogen and Lipid Profile 
in Cholesterol fed (0.25%) Rabbits 





Controls 


Infected 


% Change 


p value 


Total cholesterol (tnmol/l) 


31.0±15.7 


34.2 ±12.8 


10.4 


NS 


LDL 


4.4 ±5.5 


4.1 ±6.0 


6.8 


NS 


HDL 


0.57 ±0.3 


0.49 ±0.4 


14 


NS 


VLDL 


26.1 ±10.4 


31.6±9.1 


21 


NS 


Triglycerides 


2.4±1.2 


4.01 ±3.1 


70 


0.044 


Fibrinogen (g/1) 


1.0 ±0.98 


2.27 ± 0.6 


127 


0.001 


Mean area of atherosclerosis (ctn^) 
Mean % of total area involved 


9.72 ±3.33 


15.27 ±2.80 


57 


<0.001 


with atherosclerosis 


51.6±16.4% 


80.9±1.17% 


56.8 


<0.001 



issue we infected (triple inoculation with C. pneumoniae) and sham-inoculated 
control rabbits fed a 0.25% cholesterol diet. The serum lipid profile and fibrino- 
gen and atherosclerotic changes are shown in Table II. Essentially, infection 
with C. pneumoniae was associated with significant increase in area of atheroscle- 
rosis (by 57%) of the aorta with a corresponding increase in serum fibrinogen 
and triglycerides but no changes in HDL, LDL, or very low density lipoprotein 
(VLDL). However, previous studies in rabbits demonstrated that the increase 
in triglycerides was associated with protection against hypercholesterolemia- 
induced atherosclerosis. Although we could not demonstrate quantitative 
changes in the lipids to explain enhanced atherosclerosis, it is possible that in- 
fection could have induced functional changes in LDL and HDL, resulting in 
proatherogenic effects, which were not measured in this study. A summary of 
the rabbit model studies is shown in Table III. 



4. EFFECT OF ANTIBIOTICS ON C. pneumoniae 
ANIMAL-INDUCED ATHEROSCLEROSIS 

There are a few studies in animal models addressing the issue ofantichlamy- 
dial antimicrobials’ effect on preventing or ameliorating atherosclerosis accel- 
erated or induced by C. pneumoniae. Muhlestein etal.^^'^^ first demonstrated that 
a new macrolide-azalide, azithromycin 30 mg/kg given intramuscularly daily for 
7 days, then twice weekly for 6 weeks, largely prevented the enhancing effect of 
C. pneumoniae infection on the intima-media thickness of NZW rabbit aortae, 
fed a 0.25% cholesterol diet. In this study, the antibiotic was started immediately 
after the final of a triple inoculation with C. pneumoniae. 

However, in the apoE-KO mice, which demonstrated accelerated aortic 
atherosclerosis with C. pneumoniae infection after two inoculations, two oral 
doses of azithromycin 24 mg/kg administered 2 and 3 weeks after the second 
inoculation failed to the modify the extent or severity of the lesions. 
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In the de novo rabbit model without hypercholesterolemia, we demonstrated 
that azithromycin, when started 5 days after the first of three inoculations was 
highly effective in preventing atherosclerosis, but delayed treatment 2 weeks 
after the final inoculation was largely ineffective in preventing early changes of 
atherosclerosis/"^"^^ Azithromycin 30 mg/kg daily for 3 days then every 5 days for 
4—6 weeks was administered by oral gavage, and this dosing was used to mimic 
human dosing in the WIZARD trial. 

Further studies in the de novo model was performed with another macrolide, 
clarithromycin, which has greater in vitro activity than azithromycin but has 
a shorter intracellular and serum half-life. Acute intermittent treatment with 
oral clarithromycin 20 mg/kg/day for 8 days starting 5 days after each of three 
inoculations (14 days apart) was highly effective in modifying or preventing early 
atherosclerotic lesions; but delayed treatment 2 weeks after the final inoculation 
and administered daily for 6 weeks was less effective, with a trend (p = 0.07) 
to a significant difference compared with untreated controls. The dosage 
of clarithromycin used in this study provided serum levels that werejust below 
that achieved with a 250-mg dose in humans. Thus, it is possible that a higher 
dosage of clarithromycin could be more effective. It should be noted that the 
effect of clarithromycin was mainly an antimicrobial effect and not a nonspecific 
antiinflammatory effect, as clarithromycin had minimal effect on the extent of 
atherosclerosis in the cholesterol-fed rabbits. 



5. SUMMARY AND FUTURE DIRECTIONS 

In general, most of the studies in mice have shown that C. pneumoniae 
infection can enhance or accelerate hypercholesterolemia-induced atheroscle- 
rosis, either in genetically susceptible or wild-type mice fed an atherogenic diet. 
However, it does not appear that C. pneumoniae infection by itself can induce 
atherosclerosis in the murine model without hypercholesterolemia, but is ca- 
pable of inducing early endothelial dysfunction or minor arterial inflammatory 
changes alone in this model. 

In the rabbit model, C. pneumoniae infection is capable of inducing de 
novo early atherosclerotic lesions of the aorta in normocholesterolemic animals. 
These lesions vary from fatty streaks to fibromusclar lesions or calcified fibrotic 
lesions, but lack the typical appearance of a human mature atheroma with a 
lipid core and a fibrous capsule. In this model, C. pneumoniae may directly af- 
fect the arterial wall by stimulating foam cell accumulation and smooth muscle 
cell proliferation, partly by upregulation of PDGF-p and TGF-|i. Furthermore, 
infection with C. pneumoniae can enhance or accelerate atherosclerosis in the 
presence of hypercholesterolemia. Although C. pneumoniae inf&ction does not 
alter the concentration in serum of total cholesterol, LDL, HDL, or VLDL, it 
increases triglyceride concentration in the presence of an atherogenic diet, but 
this alone is not associated with worsening atherosclerosis in the rabbit model. 
To date no studies have been done on functional changes of LDL or HDL, or 
oxidation of LDL in the murine or rabbit model with C. pneumoniae inf ection. 
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Future studies need to address this issue on the mechanisms of enhancement 
of atherosclerosis with C. pneumoniae infection. 

Current antimicrobial therapy in animals indicates that early treatment 
soon after infection can influence the development of early lesions, or largely 
prevent enhancement of atherosclerosis with an atherogenic diet. However, 
delayed treatment does not appear to be very effective. The most effective reg- 
imen or duration of treatment for optimal response is unknown and needs to 
be investigated further. In the murine pneumonitis model the combination of 
azithromycin plus rifampin showed the strongest activity and produced higher 
rates of eradication of C. pneumoniae from lung tissues than did azithromycin 
alone.^'*®^ Thus, combination of macrolides with rifampin need to be studied in 
the atherosclerotic animal models several weeks after infection. 

The effect of C. pneumoniae infection on atherosclerosis has only been re- 
ported in the murine and rabbit models. To establish causality it would be 
important to study this effect in other animals as well, such as avian models, 
mini-pigs, guinea pigs, and ultimately nonhuman primates. In a recent study 
of pigs with acute respiratory infection with C. pneumoniae &ndoihe\\A dysfunc- 
tion of both resistance and epicardial coronary arteries was found within two 
weeks, and favours a pro-coagulant status. In another study in the pig model 
intra-coronary and intrapulmonary C. pneumoniae inoculation were associated 
with moderate intimal proliferation in the absence of a lipid-rich diet.^"^®^ Hence 
further studies in this model would be of great value. It is of interest that C. pneu- 
moniae (separate biovar) has been isolated from the koala and is associated with 
respiratory infection, and this maybe a suitable natural animal model to study. 

Most important for future studies would be the development and inves- 
tigation of a vaccine to try and prevent de novo lesions and acceleration of 
atherosclerosis. 



5.1. Future Directions 

The current animal models of atherosclerosis mainly address the two as- 
pects of vascular disease: induction of the initial early lesions and acceleration 
ofmore advanced lesions. However, most ofthe current clinical studies are inves- 
tigating interventions on the precipitating ischemic events that have not been 
addressed in the animal models. The pathogenesis of the acute ischemic at- 
tack involves different, although overlapping, mechanisms from initiation and 
growth of the plaque. Prevention of heart attack and stroke depends on de- 
tection of vulnerable plaques and development of plaque- stabilizing therapies. 
Infections such as C. pneumoniae may play a role in cardiovascular disease by 
destablizing plaques, through upregulation of metalloproteinases, which may 
cause thinning ofthe fibrous cap, or by precipitating acute thrombus on aplaque 
by procoagulant mechanisms. 

Reproducing vulnerable plaque is one of the most difficult tasks in animal 
model design. Plaque mechanical properties are mostly determined by the ex- 
tracellular matrix, fibrillar collagen, and extracellular lipids. Plaques with thin 
fibrous cap and large lipid/necrotic core are considered vulnerable. Hence the 
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cap/core ratio is one of the most basic vulnerability end point/'*®^ The two ap- 
proaches to designing animal models of plaque rupture are either searching for 
spontaneous rupture/thrombosis or actively triggering these mechanisms. 

Spontaneous hemorrhage and rupture of plaques can be found in 39- to 
54-month-old pigs with inherited hyper-LDL cholesterolemia in the coronary 
arteries. High frequency of intraplaque hemorrhage associated with thinning 
of the fibrous cap can be found in the innominate artery of 42- to 54-week- 
old apoE-KO mice.*^^'^ Similarly, 37- to 59-week-old apoE-KO mice fed a diet 
with 21% lard and 0.15% cholesterol develops luminal thrombi with ruptured 
plaques in the brachiocephalic artery. Recently it has been reported that Dahl 
salt-sensitive hypertensive rats transgenic for human cholesteryl ester transfer 
protein develop occlusive thrombosis of left ventricular intramyocardial artery 
(without plaque rupture or erosion) with decreased survival. 

Induced plaque rupture in animal models by mechanical means such as 
balloon injury, local pressure, or injection of Russel’s viper venom followed by 
histamine or combined with serotonin or angiotensin II can be accomplished in 
the rabbit model,*"^®^ but are unphysiologic. A more appropriate model is that 
of double knockout mice (apoE-KO/LDR-KO), which develop acute ischemia 
and myocardial infarction following mental stress or hypoxia.*^^'*^ Although this 
model resembles the human scenario, no plaque rupture or associated plaque 
thrombosis were described. 

These intriguing animal models could be incorporated into future studies 
with C. pneumoniae infection, to determine the effect of infection in increasing 
spontaneous plaque rupture or acute myocardial infarction. Furthermore, in- 
terventions with antimicrobial agents or a combination in these models may 
help guide future clinical studies on the value of the most optimal regimen. 
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Antiinfective Trials for the 
Treatment of Chlamydia 
pneumoniae in Coronary 
Artery Disease 

JOSEPH B. MUHLESTEIN 

1. INTRODUCTION 

Because of the serologic, pathologic and experimental evidence linking C. pneu- 
moniae to atherosclerotic cardiovascular disease, the hypothesis has been pro- 
posed that anti-infective therapy targeted against C. pneumoniae might result in 
clinical benefit. Consequently, a variety of approaches have been undertaken to 
test this hypothesis. 

As noted in other chapters, C. pneumoniae has been found to be responsi- 
ble for a variety of respiratory illnesses including 10% of cases of community- 
acquired pneumonia. Like the more familiar C. trachomatis, C. pneumoniae is an 
obligate intracellular pathogen with a unique life cycle (See Fig. 1).*^*^ Generally 
C. pneumoniae enters the body through a respiratory route and exists outside of 
cell’s in a spore form called the elementary body. Once inside the host cell it 
makes use of the cell’s own metabolic machinery and develops into a metaboli- 
cally active but noninfectious form called the reticulate body. In this form, the 
bacterium has the ability to divide and differentiate into new elementary bodies 
which can then invade other host cells. 

However, C. pneumoniae may also, unpredictably convert within the cell 
to a metabolically inactive form called the persistent body.® In this state, 
it may remain within the cell for extended periods essentially undetectable 
by the immune system and unresponsive antibiotics that interfere with bac- 
terial metabolism. This conversion to a persistent body may have important 
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FIGURE 1. Effect of azithromycin on the incidence of death, myocardial infarction, and un- 
stable angina in post— myocardial infarction patients with elevated C pneumoniae titers at the 
18-month follow-up. 



implications regarding attempts to eradicate the organism. The major studies 
investigating the potential of antiinfective therapy have involved both animal 
and human subjects. Likewise, both observational and randomized studies have 
been performed. 



2. ANIMAL STUDIES OF Chlamydia pneumoniae, 

ATHEROSCLEROSIS AND ANTIINFECTIVE THERAPY 

In an initial attempt to evaluate the effect of antiinfective agents on 
atherosclerosis progression, our group looked at the rabbit model. Rabbits 
fed 1-2%-cholesterol diets are a familiar laboratory model for accelerated 
atherosclerosis because they develop significant amounts of plaque. Under- 
standing the importance of lipid metabolism in the development of human 
atherosclerosis, it was hypothesized that combining C. pneumoniae infection with 
small amounts of cholesterol supplementation might significantly accelerate the 
development of atherosclerosis. 

Thirty rabbits were fed 0.25%-cholesterol diets. Sham intranasal inocula- 
tions of saline were administered to 10 rabbits, and three separate intranasal 
inoculations of C. pneumoniae were administered to the others. Thereafter, in- 
fected rabbits were additionally randomized to receive azithromycin antiinfec- 
tive therapy versus placebo. 

Other studies, such as that performed by Dr. Fong et looked at the 
effect of the timing of antiinfective therapy. Three groups of New Zealand White 
rabbits (24 per group) were infected via the nasopharynx with C. pneumoniae on 
three separate occasions (2 weeks apart). Group I was untreated and sacrificed 
at 12 weeks; group II received clarithromycin at 20 mg/kg/day for 8 days, be- 
ginning 5 days after each inoculation (early treatment); and group III received 
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a similar dose of clarithromycin starting 2 weeks after the third inoculation and 
continued for 6 weeks thereafter (delayed treatment). To test for a possible an- 
tiinflammatory effect of clarithromycin, two other groups of uninfected rabbits 
(12 animals in each) were fed 0.5% cholesterol-enriched chow, and one of these 
groups was treated with clarithromycin at 30 mg/kg/day for 6 weeks. Of 23 un- 
treated infected rabbits, 8 developed early lesions of atherosclerosis, whereas 2 of 
the 24 early-treated (group II) had similar changes {P = 0.036 [75% efficacy]). 
However, in the delayed-treatment group, (group III) 3 of 24 rabbits developed 
early lesions of atherosclerosis, thus demonstrating 62.5% reduction compared 
with the untreated controls {P= 0.07 [trend to statistical significance]). C. pneu- 
moniae antigen was detected in 8 of 23 group I (untreated) rabbits versus 1 of the 
24 group II rabbits and 4 of 24 animals in group III {P= 0.009 and 0.138, respec- 
tively) . All of the untreated, cholesterol-fed rabbits had moderate to advanced 
atherosclerosis (grade III or IV); clarithromycin had no effect on reducing the 
prevalence but did reduce the extent of atherosclerosis in the cholesterol-fed 
rabbits by 17% compared to untreated controls. Thus, clarithromycin admin- 
istration modified C. pneumoniae-induced atherosclerotic lesions and reduced 
the ability to detect organisms in tissue. Early treatment was more effective than 
delayed treatment. 

Rothstein et tested the hypothesis that antibiotic therapy inhibits the 
atherogenic effects of C. pneumoniae infection, in 10- week-old apolipoprotein E 
(ApoE)-null mice who were infected with C. pneumoniae or placebo. Mice were 
treated for 2 weeks after infection with azithromycin or placebo, and were killed 
at 20 weeks of age. Infection did not affect the size of the aortic lesion, and 
antibiotic treatment had no effect. Another group of mice, 12- week-old ApoE 
mice, were infected with C. pneumoniae or placebo, were treated for 2 weeks 
after infection with azithromycin or placebo, and were killed at 26 weeks of 
age. C. pneumoniae infection increased the size of the lesion in infected mice, 
but azithromycin did not reduce the size of the aortic lesion in infected mice. 
They concluded that, therefore, immediate therapy of acute infection may be 
necessary to prevent the proatherogenic effects of C. pneumoniae infection. 

These animals models, therefore, provide some hope that antiinfective ther- 
apy might be helpful in the treatment of C. pneumoniae-induced atherosclerotic 
complications. However, there remains a significant number of questions regard- 
ing the necessary timing of treatment. Likewise, animal models are not exact 
replicas of the human experience and, therefore, results from these studies must 
be interpreted with caution. Ultimately, studies must be performed directly in 
patients. 



3. OBSERVATIONAL STUDIES OF THE EFFECT OF 

ANTIMICROBIALS ON THE COURSE OF CORONARY 
ARTERY DISEASE 

One method of evaluating the effect of antiinfective therapy on coronary 
artery disease has been to retrospectively analyze patient registries to determine 
an association between the incidence of myocardial infarction and prior use 
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of antibiotic therapy. Results of this endeavor have been mixed. In one of the 
first published studies, Meir, et al.^'' in order to determine whether previous 
use of antibiotics decreases the risk of developing a first-time acute myocardial 
infarction, evaluated a total of 3,3 15 case patients aged 75 years or younger with 
a diagnosis of first-time acute myocardial infarction between 1992 and 1997 
and 13,139 controls without myocardial infarction matched to cases for age, 
sex, general practice attended, and calendar time. Cases were significantly less 
likely to have used tetracycline antibiotics (adjusted odds ratio [OR], 0.70; 95% 
confidence interval [Cl], 0.55-0.90) or quinolones (adjusted OR, 0.45; 95% 
Cl, 0.21-0.95). No effect was found for previous use ofmacrolides (primarily 
erythromycin), sulfonamides, penicillins, or cephalosporins. 

However, Jackson, et who performed a very similar study, found little 
or no association between the use of erythromycin, tetracycline, or doxycycline 
during the previous 5 years and the risk for first myocardial infarction in the 
primary prevention setting. More recently, Herings, et reported the results 
of a nested case-control study (628 cases with myocardial infarction; 1,615 age-, 
sex-, exposure window- and pharmacy-matched controls) of patients enrolled 
in large Dutch health maintenance organization in which prior use of antibi- 
otics were evaluated in relationship to future incidence of myocardial infarction. 
Prior use of fluoroquinolones, quinolones, tetracyclines, macrolides and other 
antibiotics were evaluated. Only high doses of fluoroquinolones were associ- 
ated with a lower risk of acute MI. For those who took more than 1 course of 
fluoroquinolones, the odds ratio was 0.12 (95% Cl, 0.02-0.94). For all other 
antibiotics, no significant association was observed. 

Because of potential confounding variables, observational studies such as 
above, while being potentially informative, cannot be definitive regarding the 
usefulness of antibiotics to prevent complications of coronary artery disease. 
Prospective randomized clinical trials are necessary. 



4. RANDOMIZED SECONDARY PREVENTION TRIALS FOR 

CLINICAL PERIPHERAL VASCULAR DISEASE 

C.pneumoniaehas not only been discovered within atherosclerotic plaques 
of coronary arteries, but also it is commonly discovered with plaques of virtually 
any arterial bed.*^'°^ Because some peripheral arteries, such as carotid arteries or 
the aorta, are more easily nonivasively visualized than coronary arteries, a variety 
of randomized placebo-controlled studies testing the effect of antibiotic therapy 
on atherosclerotic progression have been performed targeting them. Sanders, 
et a/. evaluated the effect of roxithromycin therapy (150 mg twice daily for 30 

days) on the progression of the intima-to-media thickness (IMT) of the common 
carotid artery using duplex ultrasonography in a prospective and randomized 
trial with a follow-up of 2 years in 272 consecutive patients with ischemic stroke 
aged over 55 years in whom the first IMT measurement and C.pneumoniaetest- 
ing (IgG and IgA) were performed at least 3 years before the roxithromycin 
treatment. C. pneumoniae IgG antibodies (>1:64) were initially found in 123 
(45%) patients and IgA antibodies (>1;16) in 112 (41%) patients. During the 3 
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years before antibiotic therapy, C. pneumoniae-positiye patients showed an en- 
hanced IMT progression, even after adjustment for other cardiovascular risk 
factors (0.12 [95% Cl, 0.11 to 0.14] vs. 0.07 [0.05 to 0.09] mm/year; F<0.005). 
The 62 C. pneumoniae-positive patients given roxithromycin showed a signif- 
icantly decreased IMT progression after 2 years compared with the C. pneu- 
moniae-positive patients without therapy (0.07 [0.045 to 0.095] vs. 0.11 [0.088 
to 0.132] mm/year; 7’<0.01). No significant difference in the occurrence of 
future cardiovascular events was found between both groups during follow-up. 
No change of IMT was observed in C. pneumoniae-negative patients given rox- 
ithromycin (n = 74) compared with those without therapy (0.06 [0.03 to 0.09] 
vs. 0.07 [0.05 to 0.09] mm/year). They concluded that these findings suggest 
a positive impact of antibiotic therapy on early atherosclerosis progression in 
C. pneumoniae-sempositive patients with cerebrovascular disease. 

In a similar study looking at occlusive peripheral vascular disease Wiesli, 
et Forty C. pneumoniae-sempositive men suffering from peripheral arte- 

rial occlusive disease were randomly assigned to receive either roxithromycin 
(300 mg daily) or placebo for 28 days. During the 2.7-year follow-up, the 
number of invasive revascularizations per patient, the walking distance before 
intervention (in patients without intervention at study end), and the change 
of carotid plaque size were assessed. Five interventions were performed on 
4 patients (20%) in the roxithromycin group, and 29 interventions were 
performed on 9 patients (45%) in the placebo group. Limitation of walking 
distance to 200 m or less was observed in 4 patients (20%) in the roxithromycin 
group and in 13 patients (65%) in the placebo group. The effect ofmacrolide 
treatment on the number of interventions per patient and on preinterventional 
walking distance was significant. Possible confounding variables such as classical 
vascular risk factors were excluded by multiple regression analyses. Carotid 
plaque areas monitored over 6 months decreased in the roxithromycin group 
(mean relative value, 94.4%) but remained constant in the placebo group 
(100.2%). Regression of carotid plaque size observed in roxithromycin-treated 
patients was significant for soft plaques. 

The hypothesis that antibiotic therapy may be helpful in the prevention of 
future expansion of abdominal aortic aneurysms (AAA) was tested by Mosorin, 
et Owing to evidence of its efficacy against C. pneumoniae infection and 

inhibition of elastolytic matrix metalloproteinases (MMP), doxycycline was cho- 
sen. The study group consisted of 32 of 34 initially eligible patients who had an 
AAA diameter perpendicular to the aortic axis of 30 mm or more in size or a 
ratio of infrarenal to suprarenal aortic diameter of 1.2 or more and a diameter 
less than 55 mm. Patients were randomly assigned to receive either doxycy- 
cline (150 mg daily) or placebo during a 3-month period and underwent ultra- 
sound surveillance during an 18-month period. Outcome measures included 
aneurysm expansion rates, the number of patients who had AAA rupture or 
repair, C. pneumoniae antibody titers, and serum concentrations of C-reactive 
protein. The aneurysm expansion rate in the doxycycline group was signifi- 
cantly lower than that in the placebo group during the 6- to 12-month {P = 
0.01) and the 12- to 18-month periods {P =0.01). Five patients (41%) in the 
placebo group and 1 patient (7%) in the doxycycline group had an overall 
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expansion of the aneurysm of 5 mm or more during the 18-month follow-up. 
Among the placebo group patients, a higher expansion rate was observed in 
those with enhanced C. pneumoniae immunoglobulin G antibody titers (>128) 
than in those with lower titers {P = 0.03). Doxycycline treatment had no clear 
effect on antibody titers. However, at 6-month follow-up, C-reactive protein lev- 
els in the doxycycline group were significantly lower than the baseline levels {P 
= 0.01). This study could not ascertain whether the clinical benefit came from 
doxycycline’ s antimicrobial effect or its inhibition of harmful MMPs. 

Finally, the effect of diseased peripheral vessels on endothelial function was 
tested by Parchure, et randomized, prospective, double-blind, placebo- 

controlled trial in 40 male patients (mean age, 55 ± 9 years) with documented 
coronary artery disease and positive C. pneumoniae-lgG antibody titers was 
performed. After baseline evaluation, patients were randomized to receive ei- 
ther azithromycin or placebo for 5 weeks. Flow-mediated dilation (FMD) of 
the brachial artery and E-selectin, von Willebrand factor, and C-reactive pro- 
tein (CRP) levels were assessed at study entry and at the end of the treatment 
period. Patients who received azithromycin had a significant improvement in 
FMD (mean change, 2.1 ± 1.1%; P < 0.005). In contrast, FMD was not signifi- 
cantly changed in the placebo group (mean change, -0.02 ± 0.2%, P= 0.64) 
(see Fig. 1). Azithromycin therapy also resulted in a significant decrease of 
E-selectin and von Willebrand factor levels. CRP levels were not significantly 
altered by treatment with either azithromycin or placebo. Beneficial effects of 
azithromycin treatment were independent from the presence of low (<1:32) or 
high (>1:32) C. pneumoniae antibody titers. The authors concluded that treat- 
ment with azithromycin has a favorable effect on endothelial function in pa- 
tients with documented coronary artery disease and evidence of C. pneumoniae 
infection irrespective of antibody titer levels. 

Although these randomized clinical (trials have demonstrated significant 
promise for benefit from antibiotic therapy in the management of atheroscle- 
rotic cardiovascular disease, most of the endpoints evaluated were secondary or 
surrogate ones. Before an entirely new therapeutic approach can be accepted, 
it must be demonstrated that it has positive effects on primary outcomes such as 
death, myocardial infarction, stroke, etc. Therefore further studies directed at 
hard clinical outcomes, especially among patients with coronary artery disease, 
are also necessary. 



5. RANDOMIZED SECONDARY PREVENTION TRIALS 

FOR CLINICAL CORONARY ARTERY DISEASE 

Several small pilot randomized clinical trials of antibiotic therapy for the 
secondary prevention of coronary artery disease have been reported. Their re- 
sults are summarized below. 

In a small study from London^*^* 60 stable post-myocardial infarction male 
patients who were seropositive to Chlamydia pneumoniae were randomized to 
receive azithromycin (500 mg/day for 3 days [«= 28] or 500 mg/day for 6 days 
[n= 12]) or placebo and followed for 18 months, looking for the endpoints 
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FIGURE 2. Effect of roxithromycin on the incidence of death, myocardial infarction, and un- 
stable angina in patients presenting with acute coronary syndrome after 30 days and 6 months. 




of death, myocardial infarction, or the need for coronary revascularization. 
The results are shown in Fig. 2. Although the numbers were small, there was a 
statistically significant reduction in the number of events in the group receiving 
antibiotic treatment (25 vs. 8%, p = 0.03). 

In another study from Argentina,^*®^ the effect of roxithromycin was as- 
sessed in a double-blind, randomized, prospective, multicenter, parallel-group, 
placebo-controlled pilot study of 202 patients with unstable angina or non- 
Q-wave myocardial infarction. No serologic test was required for inclusion in 
this study. Patients were randomly assigned either roxithromycin 150 mg orally 
twice a day {n = 102) or placebo orally twice a day {n = 100). The treatment 
was for 30 days. Patients were followed up for 6 months. The primary clini- 
cal endpoints were cardiac ischaemic death, myocardial infarction, and severe 
recurrent ischaemia assessed at day 31. Figure 3 shows the results. A statisti- 
cally significant reduction in the primary composite triple-endpoint rates was 
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FIGURE 3. Effect of 3 months’ therapy with azithromycin on C-reactive protein levels in 
patients with stable coronary artery disease after 3 and 6 months. 
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FIGURE 4. Two-year event-free survival curve of patients in the ACADEMIC study randomized 
to 3 months of azithromycin or placebo. 




observed in the roxithromycin group: p = 0.032. The rate of severe recurrent 
ischemia, myocardial infarction, and ischaemic death were 5.4, 2.2, and 2.2% 
in the placebo group and 1.1, 0, and 0%, respectively, in the roxithromycin 
group. After follow-up to six months was accomplished,*^*^^ there remained a 
difference between the treated and control groups in regards to adverse events, 
but the difference had narrowed such that statistical significance was no longer 
present. 

A third, intermediate-size study of 302 patients was reported by our 
group. In this study, patients with known coronary artery disease who were 
seropositive to C. pneumoniae were randomized to receive either azithromycin 
500 mg per day for 3 days followed by 500 mg per week for 3 months or placebo. 
By 6 months, 3 months after discontinuation of the antibiotic, a statistically sig- 
nificant reduction in levels of C-reactive protein and interleukin-6 were noted in 
the treatment group (see Fig. 4). However, after 2 years of clinical follow-up^*®* 
there was no significant difference in the cardiovascular endpoints between the 
two groups (hazard ratio [HR] for azithromycin = 0.89; 95% Cl = 0.51-1.61, 
p = 0.74) (see Fig. 5), although a trend toward a reduction in events in the 
azithromycin arm was noted during the second year of the study (HR = 0.59, 
95% Cl = 0.23-1.50, /7= 0.26) (see Fig. 6). 

The ISAR-3 Trial*^^®^ tested the hypothesis that antibiotic therapy may be 
helpful in the prevention of restenosis after coronary stent deployment. A total 
of 1,010 patients undergoing percutaneous coronary intervention were ran- 
domized to receive roxithromycin 300 mg daily for 4 weeks versus placebo and 
followed for 6 months. No significant differences in angiographic restenosis 
rate at 6 months and target vessel revascularization or major cardiac events at 
30 days in the group were noted overall. There was, however, a differential effect 
dependent on C. pneumoniae titers. In patients with high titers, roxithromycin 
reduced the rate of restenosis. 
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FIGURE 5. Total clinical events of patients enrolled into the ACADEMIC study stratified by 
year after enrollment. 



Recently, a randomized clinical trial entitled STAMINA*^^'^ was reported 
in which 325 patients presenting with acute coronary syndrome were random- 
ized to one of three treatment regimens, each lasting 1 week: (1) azithromycin 
500 mg/day, omeprazole 20 mg bid, and metronidazole 400 mg bid (designed 
to be an anti-chlamydial regimen); (2) amoxycillin 500 mg bid, omeprazole 20 
mg bid, and metronidazole 400 mg bid (designed to be an antihelicobacter 
regimen); or (3) placebo. Follow-up period extended to 12 months. All patients 
received standard treatment for CHD. There was no statistically significant dif- 
ference in frequency or timing of major adverse cardiac events for either the 
azithromycin-or the amoxycillin-treated groups compared to placebo. However, 
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FIGURE 6. Effect of 5 weeks’ azithromycin treatment on endothelial function in C. pneumo- 
niae—seropositivQ male patients with coronary artery disease. 
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when combined, subjects receiving either one or other active antibiotic treat- 
ment regimens had a 40% reduction in MACE compared to placebo {p = 0.034). 
The full benefit was observed by 12 weeks and persisted to 1 year. No differ- 
ences in inflammatory markers were noted. Seropositivity to C. pneumoniae or 
Helicobacter pylori also had no effect. The authors made the point that this study 
could not distinguish whether the benefits were related to the antimicrobial or 
antiinflammatory properties of the antibiotics used. Larger clinical trials were 
recommended. 

Sinisalo etalS^^^ also tested the effect of antibiotic therapy on the secondary 
prevention of acute coronary syndrome in the CLARIFY (Clarithromycin in 
Acute Coronary Syndrome Patients in Finland) trial. Altogether, 148 patients 
with acute non-Q-wave infarction or unstable angina were randomly assigned 
to receive double-blind treatment with either clarithromycin or placebo 
for 3 months. The primary endpoint was a composite of death, myocardial 
infarction, or unstable angina during treatment; the secondary endpoint was 
occurrence of any cardiovascular event during the entire follow-up period 
(average 555 days, range 138-924 days) (see Fig. 7). There was a trend toward 
fewer patients meeting primary endpoint criteria in the clarithromycin group 
than in the placebo group (11 vs. 19 patients, respectively; risk ratio 0.54, 95% 
Cl 0.25-1.14; P= 0.10). By the end of the entire follow-up, 16 patients in the clar- 
ithromycin group and 27 in the placebo group had experienced a cardiovascular 
event (risk ratio 0.49, 95% Cl 0.26-0.92; P=0.03). It was therefore concluded 
that clarithromycin appears to reduce the risk of ischemic cardiovascular events 
in patients presenting with acute non-Q-wave infarction or unstable angina. 

The first large trial, the WIZARD (Weekly Intervention with Zithromax for 
Atherosclerosis and its Related Disorders) trial, was completed in early 
2002. A total of 7,724 stable patients with a history of myocardial infarction and 
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FIGURE 7. Effect of 3 months’ therapy with clarithromycin in patients presenting with acute 
coronary syndrome: Results of the CLARIFY study. 
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documented presence of seropositivity to C. pneumoniae were randomized to 
receive either placebo or 3-month treatment of azithromycin (600 mg/week). 
The primary clinical endpoint was death, myocardial infarction, admission for 
unstable angina, and need for repeat revascularization at the end of the study. 
Overall, short-term (3-month) azithromycin therapy was safe and well tolerated. 
However, it only resulted in a 7% overall nonsignificant reduction in the inci- 
dence of recurrent cardiovascular disease in this population of stable C. pneumo- 
m'ae-positive, post-myocardial infarction patients. No evidence of a treatment 
effect by baseline C. pneumoniae titerwas observed. Posthoc analyses did suggest 
a possible early treatment benefit [33% reduction in death/myocardial infarc- 
tion at 6 months (p = 0.03)] that was not sustained over the observation period. 
This raised the question as to whether prolonged antimicrobial therapy might 
produce a more sustained clinical benefit. 

Finally, the Azithromycin in Acute Coronary Syndrome (AZACS)*^^^* has 
recently been completed. In this study, patients with acute coronary syndromes 
(unstable angina or myocardial infarction) were randomized in a double- 
blind, placebo-controlled fashion to either azithromycin 500 mg/day followed 
by 250 mg/day for 4 days or matching placebo. The primary endpoints were 
death from any cause, nonfatal myocardial infarction, and recurrent ischemia 
at 6 months. Secondary endpoints included worsening of ischemia and new 
congestive heart failure requiring hospitalization. A total of 1439 patients were 
randomized, 723 to the placebo arm and 716 to the antibiotic. Short-term (4-day) 
treatment with azithromycin did not have any effect on the recurrence of the pri- 
mary or secondary ischemic events during a 6-month follow-up period. Likewise, 
there was no difference between patients who tested positive for the presence of 
C. pneumoniae antibodies and those who did not. Interestingly, again similar to 
the WIZARD Study, there was a trend toward early benefit from antibiotic ther- 
apy during the first 2 months after antibiotic therapy, but this was not sustained 
over the entire 6 months of the study. 



6. ONGOING CLINICAL ANTIINFECTIVE TRIALS 

The ongoing ACES (Azithromycin and Coronary Events) study*^^®* is an 
NIH-sponsored randomized, double-blind, placebo-controlled trial of azithr- 
omycin among adults with stable coronary artery disease. The study is based 
on the hypothesis that infection with C. pneumoniae may be causally associated 
with cardiovascular disease and that therefore treatment directed against this 
organism might reduce the risk of subsequent coronary events. Seropositivity 
to C. pneumoniae is not required in this trial although serologic levels are being 
followed. Participants randomized to treatment receive 600 mg of azithromycin 
orally once a week for 1 year and are being followed a mean of 4 years for the com- 
posite primary outcome of coronary heart disease death, nonfatal myocardial 
infarction, hospitalization for unstable angina, and coronary revascularization. 
Secondary objectives include those related to a better understanding of the 
relationship between antibody titer and inflammatory markers with treatment 
status and outcome; therefore, all participants are having additional specimens 
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collected periodically during follow-up. More than 4,000 patients have been 
enrolled in the study and are into the follow-up period. 

Finally, another large randomized trial, entitled PROVE-IT, is also under- 
way. In this study, >3,000 patients presenting with acute coronary syndrome 
are randomized in a 2 x 2 factorial fashion to one of two statins, pravastatin or 
atorvastatin, in different relative doses, and then to an intermittent course ofgat- 
ifloxacin or placebo. The primary endpoint is maj or cardiovascular clinical end- 
points after at least 1 8 months ’ follow-up. The study has combined the evaluation 
of two different statins, each with very different lipid-lowering potencies but po- 
tentially similar antiinflammatory effects with the testing of a quinolone with 
potential bactericidal antimicrobial activity. This study will potentially answer a 
number of questions regarding the importance of inflammation and infection 
in the pathogenesis of acute coronary syndromes in relationship to lipid-related 
risk. It is the first major clinical trial testing an agent other than azithromycin. 



7. POTENTIAL CONCERNS 

While we await for the results of the presently ongoing large clinical trials, 
several concerns still exist. First, can the antibiotic effectively eradicate the or- 
ganism? Many of the proposed antibiotics are generally felt to be bacteriostatic 
rather than bactericidal. Chronic intracellular organisms such as C. pneumoniae 
may be able to survive even large doses of such therapeutic agents. Evidence of 
this potential was recently reported by Gieffers, et who demonstrated that 
C. pneumoniae may be able to survive and even thrive within monocytes treated 
with high-dose, but short-duration, azithromycin. It may therefore be neces- 
sary to use multidrug therapy in a manner similar to that required to eradicate 
tuberculosis. Second, can we ascertain organism eradication in a specific pa- 
tient? Serologic studies have not correlated well with the presence ofintraplaque 
organisms. Evaluation of peripheral blood mononuclear cells is not standard- 
ized, and throat cultures also have not been found to be useful. Consequently, all 
presently existing clinical antibiotic secondary prevention trials have resorted to 
the use of major adverse cardiovascular events for primary clinical endpoints. Be- 
cause of these limitations, there is still no clear understanding regarding which, 
how much, and how long antibiotics should be given. Eurther animal studies 
are presently going on that will hopefully improve the situation. Third, what will 
be the effect on antibiotic resistance of the generalized long-term use of antibi- 
otics? The present level of antibiotic use throughout the world has already made 
many experts uneasy about the future of antibiotic resistance. There certainly is 
a potential of significantly worsening this problem by the implementation of a 
generalized secondary-prevention antibiotic program. This risk must be taken 
into account as the potential benefit of such a strategy is considered. Fourth, 
the hypothesis that infectious agents play a causative role in the development 
and progression of atherosclerosis remains just that, a hypothesis. Although 
positive secondary-prevention clinical benefit from the use of antibiotic ther- 
apy will strengthen the hypothesis, it is still not likely to prove it. Many antibi- 
otics, especially macrolides, have potentially beneficial antiinflammatory effects 
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independent of any antibiotic effect. Consequently, any positive clinical benefit 
cannot be necessarily ascribed to the removal of a causative infectious organism. 

For these reasons we feel strongly that it is not yet appropriate to treat 
patients with coronary artery disease with antibiotic therapy as a secondary pre- 
vention measure. This significant change in our standard paradigm demands 
solid evidence. 
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Chlamydia pneumoniae and 
Myocarditis 

hAkAN G. GNARPE and JUDYA. GNARPE 

1. INTRODUCTION 

Myocarditis is an inflammation of the heart that often also involves the peri- 
cardium. It often appears in younger age groups <45 years of age. It is most 
often caused by viral agents, but bacterial and noninfectious causes are well 
known. Myocarditis or perimyocarditis is often mild, and a majority of cases 
appear as sequelae to other infections, e.g. pneumonia. 

The clinical diagnosis of myocarditis or perimyocarditis can be made with 
reasonable certainty by electrocardiography and by measuring serum markers 
for myocyte damage, but the etiology is often difficult to establish. On rare occa- 
sions, a diagnosis is made from the histopathological analysis of endomyocardial 
biopsies. A minority of cases of myocarditis or perimyocarditis may develop into 
dilated cardiomyopathy, and the patient may then present with cardiac insuf- 
ficiency. Viral agents, like the Coxsackie Bi_ 5 , viruses are well-documented 
causes of myocarditis. There have been several published reports of Chlamydia 
psittaci as a cause of myocarditis, perimyocarditis, and endocarditis. These re- 
ports were published long before it was found that the complement fixation test 
(CF) measured antibodies to the lipopolysaccharide antigen, which is shared 
by all three Chlamydiae clinically important for human infection: C. psittaci. 
Chlamydia trachomatis, and Chlamydia pneumoniae. Several of these reports were 
published before C. pneumoniae was defined as the third species. A few of these 
early cases of myocarditis that have been attributed to C. psittaci may have been 
caused by C. pneumoniae, and this organism may well be the etiological agent for 
some of the patients reported by Sutton et al. in Circulatiod^^ and in American 
Heart Journal, 1971.® 



hAkAN G. GNARPE • Institute of Medical Sciences, University of Uppsala, Uppsala, 
Sweden. JUDYA. GNARPE • Institute of Medical Microbiology and Immunology, Uni- 
versity of Alberta, Edmonton, Canada. 



187 





188 



H. G. GNARPE and J. A. GNARPE 



C. pneumoniae is by far the most common chlamydial species affecting man. 
Earlier reports that C. pneumoniae is uncommon in early childhood are based 
on the serological findings of microimmunofluorescence analysis (MIF), and 
MIF is only occasionally positive in children less than 6 years of age.^"^^ C. pneu- 
moniae diagnosed by PCR is common in early childhood/^^ as shown in day care 
settings by Normann et al!^^ and in general practice. Asymptomatic carriers 
have been reported. More than 50% of adults have specific IgG antibodies to 
C. pneumoniae as a marker of exposure, and reinfection is common. Most 
individuals will be exposed several times during their lives. Specific IgM anti- 
bodies are often absent in reinfection; IgA antibodies seem to be an important 
immunoglobulin class to monitor in repeat infections. IgA antibodies are 
shortlived, with a half-life in the circulation of about 5 to 7 days.*^'®^ Therefore, 
increasing amounts of specific IgA antibodies have been suggested as markers 
of persistent or chronic C. pneumoniae infections in cases with cardiovascular^"^ 
and respiratory tract diseases. C. pneumoniae is a well-established cause not 
only of pneumonia^^ '^ '*^ but also of acute bronchitis*^*^^ and other infections 
of the respiratory tract. 



2. MYOCARDITIS 

V ery few clinical reports have been published about C. pneumoniae as a cause 
of myocarditis/perimyocarditis since C. pneumoniae was established as a distinct 
Chlamydial species*^^* (see Table I). Most publications are case studies, where 
patients often have concomitant pneumonia or other complicating factors. The 
diagnosis has been made by serology in most cases; cultures for C. pneumoniae 
have been uniformly negative in all cases where culture was attempted. C. pneu- 
moniae has been diagnosed by PCR in four individual cases, of which three had 
fatal outcomes. In two of these cases,*^^®’^®^ and in the fourth case,*^^'^ the results 
of serology were suggestive of C. pneumoniae infection. 



TABLE I 

Reports of C. pneumoniae in Cases With Myocarditis, Perimyocarditis, 
and/or Endocarditis 



Auihor(s) 


Year of 
publication 


Number 
of cases 


Disease** 


Concomitant 
disease (s) 


Diagnosis made by 
Serology PCR IHC 


Wesslen et ai 


1992 


1 


M 






+ 


Gran et ai 


1993 


1 


M 


Pneumonia, arthritis 


+ 




Tong et ai 


1993 


1 


M 




+ 




Gnarpe et oL 


1997 


6/20 


M 




+ 




Gnarpe et ai 


1998 


1 


.M, PM 


Earlier pneumonia 






Marrie et ai 


1991 


1 


E 




-1- 




Etienne et ai 


1992 


10 


F. 




-1- 




Norton et ai 


1995 


1 


E 


Pneumonia 


-P 




Gdoura et ai 


2002 


1 


F. 






-1- 


Song et ai 


2001 


26 


UCM 




-I- 





"M = myocardilis, PM = perimyocarditis, t = endocarditis, DCM = dilated cardiomyopathy. 
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Wesslen etaiy^^ reported a series of sis cases of myocarditis with fatal out- 
come among Swedish elite orienteers aged 17-29 between 1989 and 1992. All 
cases had degenerative changes in the myocardinm in addition to lymphocytic 
infiltrates and patchy fibrosis but no obvious other pathological changes at an- 
topsy. The last of the six cases, a 26-year-old man, was described in more detail. 
He had pnenmonia a conple of months earlier with a cough that lasted almost 
2 months, and did not train during this period. He died suddenly after a skiing 
tour with teammates a few months later. 

The heart showed small foci of lymphocyte infiltration, degenerative 
changes within myocytes, and some focal fibrosis in the left ventricle and in 
the septnm at antopsy. He had both specific C. pneumoniae IgM (1 :64) and IgG 
(1:512) antibodies demonstrated by MIF and a low titer ofIgM antibodies (1 : 16) 
to C.psittaci, which wasjudged as cross-reactive. PCR was positive for C. pneumo- 
niae in specimens obtained from the septnm and Inng. Analyses of antibodies 
to a number of other possible viral and bacterial agents were negative. 

Gran et alP^^ reported a case of pnenmonia, myocarditis, and reactive 
arthritis in a 37-year-old male patient in 1993. The patient’s illness started with 
a sore throat, malaise, and fever followed by erythema nodosnm in the lower 
extremities and reactive arthritis of both ankles and the right wrist. He was ad- 
mitted to a hospital and diagnosed with pnenmonia and myocarditis in addition 
to arthritis. Echocardiography showed a dilated heart with decreased contrac- 
tility. He had an increased ESR (78 mm/h) and his GRP was >200. Serology 
for Yersinia enterocolitica, Widal’s test, and AST were negative, as was a test for 
HLA B27. Rontine bacteriological cnltnres were negative for pathogenic bacte- 
ria. A complement fixation test showed a titer of 1:256 to Chlamydia and a MIF 
test for C. pneumoniae showed a specific IgG titer of 1:2048 and IgM of <1:8. 
Specific IgA antibodies were not investigated. He was given treatment with high 
dosages of i.v. penicillin and netilmicin. His clinical condition improved, and 
no clinical signs remained after 1 month, but he complained of fatigne when 
exposed to physical activity. The authors conclude that his condition was caused 
by C. pneumoniae. Although not mentioned, it is plansible that his myocarditis 
was secondary to reactive arthritis and pneumonia. 

Tong and coworkers^^^^ reported a case of C. pneumoniae myocarditis, pos- 
sibly in combination with inflnenza. The patient was an 18-year-old male who 
was admitted with vomiting, myalgia, and fever after participating in a 400-m 
race. His condition worsened with generalized convulsions; chest X-rays showed 
widespread unilateral shadowing, indicating consolidation or alveolar hemor- 
rhage, bnt bronchoscopy did not reveal any hemorrhage. He reqnired mechan- 
ical ventilation for several days and treatment for renal failnre with hemofil- 
tration. The management of the patient was complicated by repeated episodes 
of pnlmonary edema. ECGs were abnormal. A wide variety of serological tests 
for viral and bacterial agents were negative, except a rising CFT titer to influenza 
A and to Chlamydia spp. Specific Chlamydia serology (MIF) showed a rising titer 
of specific IgG and positive IgM antibodies to C. pneumoniae. 

The patient improved after being treated with i.v. erythromycin and ce- 
fotaxime. He was given a conrse of doxycycline to prevent relapse. Cardiac 
and renal functions were normalized at follow-up. The authors conclude that 
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C. pneumoniae was the likely cause of his myocarditis. They speculate that intense 
physical exercise may have been a triggering factor. 

We have investigated a material of 20 male patients, 13-43 years of age 
(median 28, mean 27.5) with a clinical diagnosis of myocarditis {n = 7), perimy- 
ocarditis (n = 9), and pericarditis (n = 4) All patients had ECGs suggestive of 
myocarditis. Sera from these patients were compared to sera from new, healthy 
male hlood donors aged 18-43 (median 30, mean 31) (n = 111). All sera were 
analyzed using MIF for specific antibodies to C. trachomatis D-K, C. psittaci, and 
C. pneumoniae. All sera initially positive for IgM or IgA antibodies were absorbed 
with protein A-Sepharose CL-4B to remove possible interference from IgG and 
retested. Thirty percent of the patients (6/20) had specific C. pneumoniae 
IgG antibodies in titers of 1:512 or more compared with 4.5% of blood donors 
(5/111). Sixty percent of the patients (13/20) had increased specific C. pneu- 
moniae IgA antibodies compared with 8.1% (9/111) of the blood donors. The 
patients with myocarditis, perimyocarditis, or pericarditis had also much higher 
geometric mean titers (GMT) of specific antibodies to C. pneumoniae than 
the age- and sex-matched blood donors (363 vs. 107 for IgG; 65 vs. 13 for 
IgA). We concluded that C. pneumoniae was the likely cause for some of the 
cases. 

We have also reported a case of perimyocarditis with multiorgan failure 
and a fatal outcome in a 51 -year-old male teacher with a presumed year-long 
C. pneumoniae infection. He was admitted to the hospital suffering from pro- 
nounced fatigue, hypotension, and a CRP value of >200 mg/1 . He had bilateral 
pneumonia on admittance and an enlarged heart compared with chest X-ray 1 
month earlier. He was given i.v. penicillin and fluid substitution because of low 
diuresis. He suddenly collapsed the next morning. During attempts at resusci- 
tation, 500 ml of pericardial fluid was removed. Serum electrophoresis showed 
low C 3 and C 4 , suggesting complement activation. Chlamydia serology (MIF) 
showed a specific C. pneumoniaelgG titer of 1:256 and IgA of 1:64 but no IgM; no 
specific antibodies to C. trachomatis or C. psittaci were seen. Serology for Legionella 
spp.. Mycoplasma, CMV, FBV, and enteroviruses were all negative. Antinuclear 
factors, Goodpasture’s antigen, c-ANCA, and p-ANCA were negative. Rheuma- 
toid factor was not found. 

The autopsy revealed a fibropurulent pericarditis with mild myocardial 
hypertrophy and mild to moderate coronary atherosclerosis. There was mild 
chronic portal inflammation of the liver. Immunohistochemical staining of spec- 
imens taken from the heart and lung revealed the presence of C. pneumoniae 
and a massive inflammatory infiltrate both in the heart and in the lung. 



3. ENDOCARDITIS CASES 

Marrie and coworkers reported a 59-year-old male patient with culture- 
negative endocarditis and aortic stenosis. The patient had chills and a pro- 
ductive cough for 1 month preceding admission to the hospital. Serological 
investigations were negative or showed no rise over 3 weeks to Hepatitis B sur- 
face Ag and Ah, CMV, Coxiella burnetii, FBV, Brucella sp.. Mycoplasma pneumoniae 
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and Borrelia burgdorferi. When seram was tested with complement fixation test to 
Chlamydia group antigen, the titer was 1:1280. When the sera were investigated 
using MIF over a period of 121 days, the C. pneumoniae-specific IgG antibody 
titer had decreased from 1:256 to 1:128, and the specific C. pneumoniae IgM 
antibody titer bad declined from 1:128 at 60 days to 0 at 121 days. The sera had 
no specific antibodies to C. trachomatis or to nine different strains of C. psittaci. 

Tbe patient was given tetracycline treatment and was afebrile in 1 week. He 
was discharged and given doxycycline, 100 mg twice daily to prevent a relapse. 
The patients’ aortic valve was replaced after 3 months. The valvular material was 
thickened and fibrotic. There was marked destruction and distortion of the valve 
when examined histologically. A mixed infiltrate of lymphocytes, plasma cells, 
eosinophils, and a few granulocytes were seen together with large macrophages 
and active fibroblasts. The authors suggest that C. pneumoniae was the causative 
agent, although no organism could be detected or cultured. 

Etienne and coworkers reported a series of 10 cases of Chlamydial endo- 
carditis collected between 1983 and 1990 in 1992.*^*^ The cases were all men 
with a mean age of 42 (26-59). None had a history of bird contacts. They had 
all been symptomatic for at least 2 months with weight loss, anorexia, and fever 
(8/10). Hemodynamic failure was found in seven patients and neurological signs 
in four. Repeated blood cultures were negative in all. Complement fixation tests 
for Chlamydia spp. were positive in 6 of 10 cases and MIF showed cross-reacting 
antibodies in all nine cases studied, with transient IgM antibodies in six cases. 
IgG titers varied from 16 to 2048 for C. trachomatis and C. psittaci, and from 
64 to 4096 for C. pneumoniae. IgA was found in 5 of 10 cases but no tiler val- 
ues were reported. Serology for C. burnetii, Candida, Aspergillus, B. burgdorferi, 
M. pneumoniae, and Brucella were all negative. Six of the 10 patients had pre- 
existing cardiac anomalies. Infection involved the aortic valve in seven patients, 
the mitral valve in one, and both in two. Nine of the 10 patients had vegeta- 
tions identified by echocardiography. All patients required valve replacement 
for cardiac insufficiency. Three patients died within 8 months of surgery. 

The replaced heart valves were fibrotic, with focal heavy infiltrations of 
macrophages, plasmocytes, lymphocytes, and a few granulocytes. There were 
necrotic areas in seven cases. With the Machiavello stain, red granulae could be 
seen within the macrophages. These granulae stained positive with a monoclonal 
antibody to Chlamydia spp. 

The authors conclude that C. pneumoniae was the most likely etiologic agent 
as none of the patients had been exposed to a sick bird, but state that direct 
culture from the valves may be the only way to establish a true etiology. 

In another case report, Norton et al. describe a patient with pneumonia 
complicated by endocarditis, disseminated intravascular coagulation, and mul- 
tiorgan failure terminating in a fatal outcome.^^®^ A tracheal aspirate was neg- 
ative for seven respiratory viruses and for M. pneumoniae, serology was negative 
for Q-fever, cytomegalovims, Legionella pneumophila, and Legionella longbeachae. 
Chlamydia serology showed an increase in specific IgG antibodies to C. pneu- 
moniae from 1:64 to 1:1024 over a 5-day period. Chlamydia antigen was found 
in the lung at postmortem examination, but no other bacterial or viral agents 
were detected. Fibrinous vegetations on the tricuspid, mitral, and aortic valves 
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were present but immunofluorescent staining of valvular material for C. pneumo- 
niae with a species-specific monoclonal antibody as well as with a genus-specific 
monoclonal antibody were negative. No other bacterial or viral agents were 
detected, and the authors suggested that C. pneumoniae could have been the 
causative agent for the pneumonia and the endocarditis. 

Gdoura etal}^^^ report a case of culture-negative endocarditis in a 54-year- 
old woman who was clinically diagnosed with endocarditis resulting in a need for 
replacement of both the mitral and aortic valves. Sera were obtained at admis- 
sion and 2 and 4 weeks later. The titer of specific C. pneumoniae IgG antibodies 
were high in all three sera (>1;4096 with MIF); all three sera as well were positive 
for specific C. pneumoniae IgM antibodies. The titer of specific IgM antibodies 
declined later during the observation period. Sera were tested for antibodies 
to L. pneumophila, M. pneumoniae, and C. burnetii, but were negative. The mitral 
and aortic valves were surgically replaced and showed marked destruction with 
calcification, fibrosis, and an inflammatory infiltrate. Both the mitral and aortic 
valves were positive for C. pneumoniae by PCR but negative for C. trachomatis and 
C. psittaci. In situ hybridization was positive for C. pneumoniae. The authors con- 
clude that the patients’ endocarditis with resulting need for valve replacement 
was caused by C. pneumoniae as indicated by the serological findings and the 
demonstration of C. pneumoniaeDNA in the resected mitral and aortic valves. 



4. DILATED CARDIOMYOPATHY 

Myocarditis has occasionally been shown to be associated with the develop- 
ment of dilated cardiomyopathy (DCM) with dysfunction of the heart. 

In a short report Song et al. describe a patient material of 26 consecutive 
patients with DCM and compared these with 28 age- and sex-matched controls 
regarding markers for chronic C. pneumoniae infection. They found that 
there was a significant difference both in the amount and prevalence of spe- 
cific C. pneumoniae IgA antibodies but not of specific IgG antibodies between 
patients and controls. They also showed that the serum concentrations of CRP 
and of fibrinogen were significantly higher in DCM patients indicating ongoing 
inflammatory activity. As persistence of the short-lived specific IgA antibodies 
may be taken as an indication of a persistent infection, they conclude that a 
chronic C. pneumoniae infection was the etiology for some of the DCM patients. 



5. ANIMAL MODELS OE MYOCARDITIS 

There is very little information available about C. pneumoniae and myocardi- 
tis in animal experimental settings. Most animal models are focused on the 

possible role of Chlamydia in the etiology of atherosclerosis (31-33) 

However, Bachmeier and his group reported in Science (1999) that there 
is an association between C. pneumoniae and induced autoimmune murine 
myocarditis.*^^'** A 60-kDa cysteine-rich outer membrane protein in C. pneumoniae 
has a sequence homology to a peptide from the murine heart-muscle-specific 
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a-myosin heavy chain. When the Chlamydia 60-kDa outer-memhrane-derived 
peptides were injected into mice, an autoimmune myocarditis developed with 
perivascular inflammation, fibrotic changes, and blood vessel occlusion in the 
heart. T and B cells were also induced to react to the homologous endogenous 
heart-muscle-specific peptide. The authors also demonstrated that Chlamydia 
DNA functioned as an adjuvant to trigger the autoimmune, peptide-induced in- 
flammatory heart disease. They conclude that bacteria of the genus Chlamydia 
could mediate inflammatory heart disease through antigen mimicry. 

In experimental autoimmune myocarditis, the production of monocyte 
chemoattractant protein 1 is enhanced, which in turn increases the migration 
of monocytes and T cells to an inflammatory focus. 



6. POSSIBLE MECHANISMS 

C. pneumoniae causes infections of the respiratory tract. It is likely that some 
of the infectious elementary bodies are transported down to the alveoli and are 
there phagocytosed by alveolar macrophages, C. pneumoniae-infected mono- 
cytes may differentiate into macrophages as reported by Yamaguchi et and 
these cells may enter the circulation. In animal models, C. pneumoniae has been 
shown to be disseminated through the bloodstream after nasal inoculation,^^^^ 
and there are numerous reports about the detection of and even isolation of 
C. pneumoniae in atherosclerotic blood vessels 

C. pneumoniae has, like other species of Chlamydiae, a tendency to cause 
chronic or persistent infection. C. trachomatis has been shown inhibiting apop- 
tosis in Chlamydia-infected cells by inhibition of activation downstream of cas- 
pase 3 and cleavage of poly (ADP-ribose) polymerase as well as preventing release 
of mitochondrial cytochrome It was recently shown that C. pneumoniae has 

a similar effect. This inhibition of apoptosis is in part due to induction of 
IL-10.*^'*^^ Rajalingam et al. have also reported that epithelial cells infected with 
C. pneumoniae are resistant to apoptosis. 

C. pneumoniae-mfecied monocytes have been shown to exhibit increased 
adherence to human aortic endothelial cells*^'*^^ and to human coronary artery 
endothelial cells. C.pnewmon/ae can infecthuman macrophages, endothelial 
cells, and aortic smooth muscle cells, and many strains are capable of replica- 
tion in these cells.*^"*^' It was recently shown by Molestina et al. that endothelial 
cells infected with C. pneumoniae stimulated transendothelial migration of neu- 
trophil granulocytes and monocytes.^"**' Vehmaan-Kreula et al. reported that 
adherent C. pneumoniae can stimulate the production of a 92-kDa gelatinase 
from macrophages, which promotes the destruction of extracellular matrix and 
facilitates tissue invasion by inflammatory cells. 

Macrophages infected with C. pneumoniae in the presence of LDL undergo 
foam cell degeneration*^^°^ and the component causing this was found to be 
chlamydial lipopolysaccharide.^^*' It has recently been shown that C. pneumo- 
niae and chlamydial Hsp60 can induce cellular oxidation of LDL to a highly 
atherogenic form.^^^^ Chlamydial Hsp60 seems to be an important stimulus for 
inflammatory reactivity in infections with C. pneumoniae. 
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C. pneumoniae is a common finding in arteries with atherosclerotic changes 
but not in normal arteries^^®^ and has been cultured from coronary arteries/^*^ 
aortic aneurysms/''®^ and an explanted heart/^^^ Although C. pneumoniae is 
present in the coronary arteries of many patients, very few individuals develop 
myocarditis, perimyocarditis, or endocarditis. One possible explanation may be 
that only specific strains of C. pneumoniae have an antigenic profile that may 
induce the development of autoimmune myocarditis similar to the myocarditis 
demonstrated in a murine model by Bachmeier et al. It is known that there is 
a certain antigenic variation in different isolates of C. pneumoniae,^^^’^^^ but it is 
not known whether these differences have any clinical importance. 

Another possible mechanism to explain why so few infected patients de- 
velop myocarditis may be the absence or presence of specific host factor (s) that 
may render individual patients more susceptible for the development of my- 
ocarditis. Individual differences in susceptibility to C. pneumoniae infection has 
been shown by Haranga et who found that C. pneumoniae can infect and 

multiply in vitro in human lymphocytes but only 4 of 11 donor’s lymphocytes 
supported infection. Thus there seems to be individual host variability in the sus- 
ceptibility for C. pneumoniae infection . Recently, Rugonfalvi-Kiss etal.^^ reported 
that severe cardiovascular disease may develop in individuals with a variation in 
the mannose-binding gene. 

We suggest that the reason why there are so few reported cases with C. pneu- 
moniae-induced myocarditis could possibly be that there is a strain specificity 
for development of disease in individuals lacking specific receptors or with a 
putative genetic disposition for development of myocardial disease. 



7. SUMMARY 

Myocarditis, perimyocarditis, or endocarditis caused by C. pneumoniae 
seems to be unusual in clinical practice. Only a few cases have been reported to 
date. C. pneumoniae is a ubiquitous microbe: over 50% of the adult population 
has been exposed. Most of the mechanisms necessary to provide access to the 
myocardium are present in cases with low-grade chronic infection with C. pneu- 
moniae. There are antigenic differences between different strains of C. pneumo- 
niae, but it has still to be shown in experimental models if some strains are more 
prone to invade the myocardium. In all probability, individual host factor (s) 
might exist, making certain individuals more prone to develop myocarditis, per- 
imyocarditis, or endocarditis when infected by C. pneumoniae. There seems to be 
no direct association between the development of myocarditis and atheroscle- 
rosis even if most of the necessary risk factors are present. 
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Chlamydia pneumoniae as a 
Candidate Pathogen in 
Multiple Sclerosis 

CHARLES W. STRATTON and SUBRAMANIAM SRIRAM 

1. INTRODUCTION 

Multiple sclerosis (MS) is the most common demyelinating disease of the central 
nervous system (CNS ) T It commonly affects adults between the ages of 1 8 and 
50 years, with the mean onset of initial symptoms being 29 years of age. In the 
general population, the prevalence of MS is approximately 1/1000. Women are 
generally affected more commonly than men. Most MS patients initially present 
with a relapsing remitting course. This relapsing remitting course slowly evolves 
into a progressive disease. The exact pathogenesis of MS remains unknown, 
which adversely affects attempts at medical intervention. The following discus- 
sion reevaluates the current hypothesis concerning autoimmunity in MS and 
describes how an infectious process may influence the development of MS and 
proposes that C. pneumoniae is a likely candidate pathogen in the development 
ofMS.^^-®^ 



2. AUTOIMMUNE BASIS FOR MS 

Current opinion favors the hypothesis that MS is an autoimmune disease of 
the CNS.^^’^' Autoimmunity is presumed to result from self-reactivity to neural 
antigens, leading to an inflammatory response in the CNS with attendant tissue 
injury. This autoimmune hypothesis for MS is largely based on studies done in 
various experimental animal models. These studies began in 1933 when Rivers 
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and colleagues induced an acute paralytic disease in monkeys following the in- 
jection of whole brain homogenate and thus introduced the term “experimental 
allergic encephalitis” (EAE)/*^ “EAE” has since been modified to mean “exper- 
imental autoimmune encephalomyelitis” to reflect more clearly the underlying 
immune mechanism of disease produced in these animal models. The first en- 
cephalitogenic component of myelin to be isolated and purified was myelin 
basic protein (MBP). Subsequently, it was demonstrated that EAE is induced 
in animals following immunization with other myelin antigens such as myelin 
oligodendrocyte glycoprotein (MOG) and proteolipid protein (PLP). 



3. MS AS AN AUTOIMMUNE DISEASE: UNRESOLVED ISSUES 

Although current opinion favors MS to be an autoimmune disease in hu- 
mans that is similar to EAE in animals, evidence of autoimmunity in MS is not 
without controversy. If MS is truly an autoimmune disease, it should be pos- 
sible to identify the neural antigens that are responsible for the autoimmune 
process. In EAE, the encephalitogenic neural antigens capable of inducing dis- 
ease are well defined. In contrast, the encephalitogenic antigen (s) in MS remain 
unknown. Some MS patients, but not all, do show an increase in the number 
of circulating T cells that recognize different MBP peptides. However, 
similar reactivity to MBP is seen in healthy volunteers. Attempts to show the 
reactivity of lymphocytes present in the cerebrospinal fluid (CSF) to MBP in MS 
patients has met with mixed results. Numerous attempts to show the presence of 
MBP-reactive T lymphocytes in brain tissue from MS patients have been equally 
unrewarding. Thus, the consistent identification in MS of reactive encephalito- 
genic neural antigens as well as autoimmune cells in peripheral blood and in 
CNS tissue remains an unresolved issue. 

Another crucial element that discounts the role of myelin antigen as a 
principal encephalitogenic neural antigen in MS is the absence of antibodies to 
myelin antigen in the CSF of MS patients. Although MS patients show an increase 
in the levels of immunoglobulins in the CSF, none of these immunoglobulins in 
the CSF react to any known myelin or other neural antigen. This is in striking 
contrast to EAE, in which antibodies to myelin antigens are seen in the CSF, 
as well as to other CNS inflammatory infectious diseases in which oligoclonal 
bands show reactivity to antigens of the specific infectious pathogen. *^*^“^®* 

A comparison of EAE with MS must also include the examination of the 
“immune profile” of the inflammatory process in both the CSF and the CNS. 
Since EAE is a Thl autoimmune disease mediated by CD4 cells, it would be 
predicted that a similar immune phenotype would be seen in MS. However, in 
distinct contrast to EAE, the CNS pathology in MS shows a marked activation of 
macrophages, with over 80% of the cellular phenotype consisting of activated 
macrophages and the presence ofCD4 T cells not being absolute. 

Cytokines produced by an autoimmune process have been thought to be 
important in the pathogenesis of MS. Preliminary evidence supporting this no- 
tion came about when an increase in clinical relapses of MS was seen in patients 
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who received gamma interferon. This was, however, a small study done prior 
to the advent of modern imaging technology, and it is not clear if there was 
indeed an increase in the number of inflammatory CNS lesions.*^^®^ In spite of 
extensive analysis, there is no clear consensus for the presence of a well-defined 
cytokine/immune profile in either CNS tissues or in CSF from MS patients. Ev- 
ery conceivable cytokine that may play a role in inflammation has been found in 
the CNS/CSF of patients with MS. Another cytokine that has received attention 
is TNF, since levels of TNF appeared to correlate with disease severity and TNF 
is toxic to oligodendrocytes. However, such guilt by association has not 
proven to be true for TNF, as in vivo treatment with anti-TNF antibodies actually 
worsened 

Because current opinion suggests that MS is an autoimmune disease, spe- 
cific and nonspecific immunological agents have been used therapeutically in 
MS. Broad-spectrum immunosuppressive agents continue to be used today; re- 
cently mitoxantrone has been approved for the treatment of secondary pro- 
gressive MS. Unlike other immunological diseases such as myasthenia gravis 
(an autoimmune disease with a clearly defined autoantigen), the efficacy of vir- 
tually all immuosuppressive regimens in MS has either failed or has met with 
only limited success. For example, if MS is a T cell-mediated disease caused 
by CD4 T cells, we would have expected to see an improvement in patients who 
received anti-CD4 antibody therapy. Clinical studies have failed to show benefit 
in patients receiving anti-CD4 antibodies in spite of significant reduction in the 
number of CD4-positive T cells. 

In summary, there are a number of issues that challenge the autoimmune 
hypothesis for MS. In particular, these observations raise questions as to the 
usefulness of EAE as a model of MS and whether successful therapies in MS 
should be based on the ability to “cure” EAE. 



4. INFECTION AS AN ALTERNATE HYPOTHESIS FOR MS 

Most chronic diseases are either caused by genetic defects or occur in re- 
sponse to environmental agents. There has been considerable evaluation of the 
genetic component of MS but as yet no definitive gene has been identified. Fam- 
ily studies have also not shown any clear pattern of inheritance. This suggests 
that MS is unlikely to be due primarily to a genetic defect. Hence, the role of 
environment and by implication an infectious agent is attractive. 

One of the tenets of evolutionary biology is the role of fitness on disease. 
The essential feature of this theory is that all genetic diseases will have a negative 
impact on the fitness of the individual and will therefore eventually disappear. 
The higher the negative impact on fitness the earlier will be the deletion of the 
defective allele from the population. Hence, any disease that has been main- 
tained for extended periods of time in a population is very likely to result from 
an environmental cause and is likely to be infectious. A corollary to this view 
is that if a genetic defect is known to be present for many generations, then 
it has quite likely conferred a benefit on the fitness of the individual. In most 
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cases, this involves protection against an infection (e.g., the protection of sickle 
cell disease from malaria). The association of infection with genetic factors is 
not surprising, as it is well accepted that host genes can regulate the expression 
of infectious disease (s). Development of tuberculosis, malaria, and HIV are all 
modified by host genetic factors. 

Historical descriptions of disease that have features of MS have been known 
for over 300 years, although MS was described as a clinical entity only 125 years 
ago. The tenets of evolutionary fitness would suggest that MS is caused by envi- 
ronmental agents and, therefore, most likely is infectious. MS has been found 
to have an uneven geographical distribution in a north-south gradient of de- 
clining incidence. It has been thought that some of this variation may be 
due to underlying racial differences: the highly susceptible populations such 
as Scandinavians settled primarily in the northern United States. However, in 
Australia the racial makeup of their population is largely homogeneous south 
to north. 

Migration studies provide additional support that an environmental agent 
may play a role in the development of MS. These studies have demonstrated 
that immigrants tend to have the same risk of developing MS as the native 
population. This has been seen for migration both to and away from high- 
and low-risk regions. These studies suggest that migration needs to occur at or 
before age 15 (around puberty) for migrants to have the prevalence risk of the 
indigenous population. In some cases, ethnicity does appear to confer a protec- 
tive effect for developing MS . N ative J apanese have a very low prevalence of MS 
(2/100,000) as compared to the Japanese in Hawaii (7/100,000). The rate for 
Caucasian Hawaiians was 10.5/100,000 and for white immigrants 34/100,000. 
In California, the rate for people of Japanese descent remained 7/100,000 de- 
spite the Caucasian rate of 30/100,000. Although the risk of developing MS for 
Japanese is higher after immigration to an area with greater endemic MS, there 
appears to be a limit to the proportion of individuals who can develop MS.^^^* 

Another line of epidemiological evidence supports the contention of MS 
being caused by an infectious agent. There have been several MS “epidemics” 
described. The best studied has been in the Faroe Islands population. Prior to 
World War II, there were no reported cases of MS in the Faroe Islands. From 
1943 to 1982, 46 cases were identified, and additional 4 cases had onset of their 
illness in the late 1980s. These data suggested the existence of four successive 
waves of MS incidence thought to have started with the stationing of 8,000 
British troops on the islands during World War The authors suggest that 
the British troops were responsible for exposing the Faroese people to the pri- 
mary MS affection (PMSA) thatled to clinical/neurological MS (CNMS). PMSA 
was thought to be a common but specific infectious agent that rarely resulted in 
CNMS. The population was thought to be susceptible following 2 years of expo- 
sure and when between the ages of 1 1 and 45. There was thought to be a 6-year 
incubation period. The following diminishing waves of MS incidence were due 
to Faroe Islanders previously exposed to PMS Abut not necessarily having CNMS . 

More compelling evidence for the role of infection in MS is provided by 
the immunoglobulin patterns typically found in the CSF of MS patients. There 
is increased synthesis of immunoglobulins within the CSF. These intrathecal 




C pneumoniae and MULTIPLE SCLEROSIS 



203 



antibodies are found in the CSF and not in the serum, migrate to the catho- 
dal regions on isoelectric focusing (lEF) gels, and are called oligoclonal bands 
(OCBs). OCBs occur in approximately 90% of MS patients, but are not specific 
for MS, as such bands are also found in the CSF ofpatients with a wide variety of 
CNS infections. In general, the presence of OCBs in CSF is thought to represent 
an intrathecal immune response to an infectious agent. A number of chronic 
infections of the CNS are characterized by the presence of OCBs in the CSF. 
These CNS infections include tuberculosis, syphilis, neuroborreliosis, crypto- 
coccal meningitis, herpes simplex encephalitis, HTLV-1 myelitis, and subacute 
sclerosing panencephalitis (SSPE).^'^’''*’^^^ 

In MS patients, the specificity of the OCBs for any particular antigen has 
been lacking. However, several studies have found that elevated IgG titers for a 
variety of infectious agents are found in the CSE of MS patients. This suggests 
that more immune activity in a general sense occurs in the CNS of MS patients. 

These data support the idea that an environmental agent is responsible for 
at least triggering the development of MS. However, these data do not tell us 
anything about the nature of any putative infectious agent. Eurthermore, these 
data do not specifically support the notion of a single infectious agent as being 
responsible for causing all MS. An alternative explanation would be that a naive 
or virgin susceptible population (i.e., Earoe islanders) could be vulnerable to 
a wide variety of common pathogens, which could trigger an epidemic. This 
notion may be more consistent with the idea that MS susceptibility is likely poly- 
genic. Some individuals may have MS triggered by only one pathogen whereas, 
in other individuals, with a different underlying pattern or degree of genetic 
susceptibility, several infectious agents could be responsible for development of 
their MS. 



5. CANDIDATE PATHOGENS 

A wide variety of infectious agents have been proposed to be the cause 
of MS. Unfortunately, most of these observations have failed the test of repro- 
ducibility. Most efforts to identify a pathogen have focused on vimses. Virases 
are attractive candidates because of several factors. Virases are known to cause 
demyelinating disease in animal models and humans, often with long periods of 
latency that may present clinically with a relapsing and remitting course.*^^**’^^^ As 
mentioned earlier, antibody titers are often elevated to virases in both the CSE 
and serum of MS patients compared with controls. Several laboratories found 
measles-specific antibodies within the OCB immunoglobulins. Subsequent work 
found that OCBs in MS patients reacted to a variety of virases, but these re- 
sponses were nonspecific. A number of candidate pathogens, mostly viral, 
have been proposed to be causative for MS (Table I). Because of either lack 
of reproducibility or specificity, these candidate agents have been eliminated 
as MS-specific pathogens. This has created an atmosphere of marked incred- 
ulousness when new candidates are proposed. Nevertheless, in the last several 
years, candidate pathogens have emerged that may have a role in the etiology 
ofMS.'^’’ 
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TABLE I 

Candidate Pathogens in Ms 



Viruses found in CSF/CNS of MS 


Bacteria linked to MS 


Rabies 


Treponema pallidum 


HSV-1 and 2 


Berrelia 


Parainfluenza virus 


M. pneumoniae 


Paramyxovirus 
Corona virus 
HIV 
HI.TV-1 

Other retroviruses 
Measles virus 
Poliomyelitis 
Ebstein-Barr virus 
HHV-6 


C. pneumoniae 



5.1. Human Herpes Virus-6 (HHV-6) 

HHV-6 is the cause of exanthema subitum (roseola infantum), which is a 
common infectious exanthem in humans. This vims has been found to have CNS 
tropism and can result in meningoencephalitis.*^^** Studies by other investigators 
have found increased IgM and IgG responses to HHV-6 in MS patients as well 
as HHV-6 DNA in CSF and serum.**®’"*°* Other labs have failed to confirm these 
results or have not found differences in HHV-6 antibody titers in MS patients and 
controls.*'*** Another study examined the frequency of detection of the HHV-6 
genome in peripheral blood mononuclear cells from relapsing-remitting and 
progressive MS patients versus healthy and neurological disease controls.*'*^* 
They were unable to demonstrate a correlation between HHV-6 infection of 
peripheral blood mononuclear cells and the development of MS. 



5.2. Retroviruses 

Pathogenic retroviruses in humans (HTLVs and HIVs) have been consid- 
ered candidate pathogens for MS because of their ability to impair the immune 
system and to promote CNS inflammation and demyelination.*'*** For example, 
HTLV-1 can cause a chronic inflammatory demyelinating disease in the CNS. 
Extensive investigations have been made to find an HTLV-1 -like retro vims in 
MS patients. Despite initial claims, the presence of HTLV-1 orHTLV-like retro- 
viruses has not been confirmed. 

A retrovirus associated with MS was derived from the choroid plexus cells 
and from Epstein-Barr virus (EBV)-immortalized B cells of MS patients. The 
virus is designated as multiple sclerosis-associated retrovims (MSRV), and it is 
an oncovims. It forms extracellular virions; moreover, RNA has been amplified 
only from the CSF and semm of MS patients and controls, including cases of 
myelitis and encephalitis. It remains unclear if MSRV is an exogenous retrovirus 
or an endogenous provims. 
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The role of MSRV in the etiology or pathogenesis of MS remains unknown. 
It has been proposed that EB V may have an important role as a cofactor trigger- 
ing retroviral reactivation. Therefore, a dual infection/reactivation may 
be required for the development of MS. EBV may be required to transacti- 
vate MSRV or other retroviruses. A recent case-control study from the United 
Kingdom found that patients with a history of infectious mononucleosis (IM) 
had more than 5 times the risk of subsequent MS.^"*®^ The clinical significance 
of these findings remains unclear because of the small number of cases of in- 
fectious mononucleosis {n= 11, out of 225 cases and 900 controls). 



5.3. Chlamydia pneumoniae 

C. pneumoniae belongs to a genus of intracellular pathogens that are in- 
fectious to man and other vertebrates. A case report of CNS infection with 
C. pneumoniae in a patient with rapidly progressive MS has been described.^'*®^ 
Antimicrobial therapy directed against this organism resulted in marked neu- 
rological improvement that has been largely sustained for 3 years. Additional 
work found C. pneumoniae present in the CSF of patients with newly diagnosed 
relapsing-remitting MS and with progressive MS but not in other neurological 
disease controls.^'*^' CSF samples were examined for C. pneumoniae by culture, 
PCR assays, and CSF immunoglobulin (Ig) reactivity with C. pneumoniae elemen- 
tary body (EB) antigens. C. pneumoniae 'f/as isolated by tissue culture from the 
CSF in 64% of MS patients versus 1 1% of the controls. PCR assays demonstrated 
the presence of C. pneumoniae major outer membrane protein (MOMP) gene in 
the CSF of 97% of MS patients and 18% of the controls. Finally, 86% of the MS 
patients had increased CSF antibodies to C. pneumoniae EB antigens, as demon- 
strated by enzyme-linked immunoadsorbent assay adsorbance values that were 
3 standard deviations greater than those seen in the controls. 

More recently, the specificity of the intrathecal immune response to C. pneu- 
moniae antigens has been evaluated in relapsing-remitting and progressive MS 
patients. Affinity-driven immunoblot studies found that in 17 MS patients, CSF 
antibodies to C. pneumoniae EB antigens focused on the cathodic region of the 
lEF gel where OCBs seen in MS normally are found. Furthermore, in 14 of 17 
patients, these OCBs were adsorbed either partially or completely from the CSF 
by EB antigens of C. pneumoniae, but not by control viral or bacterial antigens. 
Adsorption of OCBs with EB antigens did not occur with CSF from three con- 
trol patients with SSPE, although the bands in these three patients were partially 
adsorbed by measles antigen. 



6. MECHANISM OF C.pncMmomae-MEDIATED ACCENTUATION 
OF AUTOIMMUNE DISEASE 

Infections and MS are intertwined processes. MS is very likely triggered by 
an infectious agent and, furthermore, worsening of MS is often preceded by an 
upper respiratory infection. We have recently examined the role of infection 
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in experimental allergic encephalitis (EAE), an animal model of MS. EAE was 
recently used to evaluate a possible association of EAE with C. pneumoniae in- 
fection. Intraperitoneal inoculation of mice with C. pneumoniae, following im- 
munization with neural antigens, increased the severity of EAE. Accentuation 
of EAE required live infectious C. pneumoniae, and the severity of the disease 
could be attenuated with antiinfective therapy. Eollowing immunization with 
neural antigens, systemic infection with C. pneumoniae led to the dissemination 
of the organism into the CNS in mice, which then caused accentuated EAE. In 
contrast, inoculation with C. trachomatis did not worsen EAE, and infectious or- 
ganisms were not seen in the CNS. This study demonstrates the potential effect 
of a C. pneumoniae infection in the CNS on the amplification of autoimmune 
disease following immunization with three different neural antigens (MSCH, 
MBP, and MOG). A causal association between C. pneumoniae infection and ac- 
centuated EAE was inferred not only from the direct presence of a replicating 
organism in the CNS, but also from the attenuation of EAE following therapy 
with the antimicrobial agent fluorphenicol.*^^*^ We have shown that infection of 
C. pneumoniae in the CNS can worsen EAE and believe it also may worsen MS. Sys- 
temic infection with C. trachomatis enhanced the in vitro proliferative response 
to MBP, which was higher than controls’ . Unlike C. pneumoniae, C. trachomatis 
did not infect the CNS in mice and thus did not cause worsening of EAE. 

One mechanism by which infections can potentially induce autoimmune 
disease is through molecular mimicry. Eollowing immunization with chlamydial 
peptides that show homology with MBP, rats developed severe EAE.^^^^ Our 
study did not show evidence of molecular mimicry between C. pneumoniae and 
neural antigens in SJL mice. Animals showed worsening of EAE induced by 
three different classes of encephalitogenic antigens — MBP, MOG, and MSCH — 
suggesting that molecular mimicry is an unlikely explanation for the worsening 
of the disease. 

Infectious agents are well known to rapidly expand the pool of immune 
cells that recognize the invading pathogen. An increase in population of T cells 
that recognize other antigens including those that react to self-proteins may 
occur consequent to the secretion of cytokines and may be sufficient to cause 
disease.*^^^^ In mouse hepatitis model of CNS infection, prominent demyeli- 
nation mediated by CDS T cells was seen in mice in the absence of cognate 
antigen in the CNS, suggesting that demyelination did not require the presence 
of antigen-specific T cells. In the mouse keratitis model induced by HSV-I, 
both antigenic mimicry and bystander activation are thought to be responsible 
for tissue injury. In trying to reconcile the views of molecular mimicry and 
bystander activation in autoimmunity, it was proposed that these two processes 
may not necessarily be exclusive and may depend upon the circulating levels of 
autoreactive cells. 

Persistence of C. pneumoniae in the CNS is likely to provide an environment 
that can lead to the activation of autoreactive T cells and contribute to the 
pathogenesis of a chronic disease such as MS. Infection of the CNS is necessary 
for accentuation of EAE, which may be facilitated in the presence of an ongoing 
CNS inflammation. We suggest that a similar scenario may occur in MS, in which 
a ubiquitous pathogen may amplify an autoimmune response. We predict that if 




C pneumoniae and MULTIPLE SCLEROSIS 



207 



an infectious agent can persist and amplify an immune response, it can modify 
the expression of a T cell-mediated autoimmune disease in an organ-specific 
manner. A direct interplay between an infectious agent and autoimmunity is also 
likely to have immediate therapeutic implications. Although an animal model 
has suggested that infection with C. pneunoniae can worsen EAE, it does not 
necessarily prove that this may be the situation in human MS, but nonetheless 
offers a model system to test these hypotheses. 

C. pneumoniae in some respects is a compelling candidate as an infectious 
cause for MS. One of the hallmarks of chlamydial infection is tissue persistence 
and development of chronic infection. Periodic exacerbations and remissions 
clinically characterize trachoma, with progressive inflammation to corneal scar- 
ring. Meningoencephalitis and other neurological complications have been de- 
scribed for patients infected with C. pneumoniae 

Epidemiological strategies are useful in establishing causality. Case-control 
surveys involving infectious, genetic or other studies in conjunction with surveys 
evaluating risk factors and exposures could be carried out. If C. pneumoniae or 
any other agent were identified, a prospective cohort study of the exposed and 
nonexposed population could be done. Because of differential recall bias, case 
control surveys are problematic. Any prospective cohort study would require 
a large number of subjects as well as at least a decade of follow-up evaluation. 
An alternative method to a case control study is a historical cohort study. If 
two cohorts exist, one may be able to determine if an excess of common cases 
exists after cross-referencing one versus the other (e.g., trauma registry versus 
multiple sclerosis cohort). This approach minimizes recall bias; however, few 
retrospective cohorts exist; the number of subjects in such cohorts may be too 
small to detect a difference; and if the risk due to the exposure is small, it may 
go undetected. A therapeutic trial in MS patients with evidence of C. pneumo- 
niae infection in the CSF would potentially establish a role for C. pneumoniae 
in the pathogenesis of MS. It would not necessarily establish a causal relation- 
ship between C. pneumoniae infection and the development of MS. Because of 
the breakdown of the blood-brain barrier, C. pneumoniae may be present as a 
“bystander” in the CNS. It may not have a role in the pathogenesis of MS, but 
its presence in MS plaques may exacerbate, prolong, or worsen inflammation 
in the CNS such as that seen in the animal model of EAE. A well-designed and 
appropriately powered clinical trial would provide additional answers about the 
role C. pneumoniaehas in inflammatory demyelinating disease as well as in the 
clinical course of MS. 



7. CONCLUSIONS 

Establishing the etiology of MS continues to be a difficult problem. The 
polygenic inheritance pattern, varying clinical features, heterogeneity of the 
clinical course, and environmental factors all must be considered when consid- 
ering a putative infectious agent in MS. Nonetheless, the infectious nature of 
MS is inescapable. It may be that MS is a syndrome similar to pneumonia and 
more than one etiologic infectious agent may be involved. This would account 
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for the heterogeneity of the disease. Host genes may further modulate disease 
expression as seen with infectious diseases such as tuberculosis and AIDS. The 
recent sequencing of the human genome may allow for more rapid identifica- 
tion of host genetic factors that could interact in some fashion with an infectious 
pathogen(s) to result in the cascade of events that we identify as inflammatory 
demyelinating disease pathologically and multiple sclerosis clinically. 
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1. INTRODUCTION 

Alzheimer’ s disease (AD) is a progressive neurodegenerative condition that ac- 
counts for the most common and severe form of dementia in the elderly/*’^* 
Symptoms of AD progress from mild to severe, resulting in progressive mem- 
ory loss, decreased cognitive function, emotional and behavioral deficits, and 
daily living impairment/^’"*^ These symptoms are a direct result of nerve cell 
damage and loss reflected by accumulations of abnormal protein deposits in 
the brain. Great strides have been made in the past 20 years with regard to un- 
derstanding the pathological entities that arise in the AD brain. The pathology 
observed in the brain includes neuritic senile plaques (NSPs), neurofibrillary 
tangles (NFTs), neuropil threads (NPs), and deposits of cerebrovascular amy- 
loid. Genetic, biochemical, and immunological analyses have provided a greater 
knowledge of these entities, but our understanding of the “trigger” events lead- 
ing to the many cascades resulting in this pathology and neurodegeneration 
is still quite limited. For this reason, the etiology of AD has remained elusive. 
However, a number of recent studies have implicated infection in the etiol- 
ogy and pathogenesis of AD. This chapter focuses specifically on infection with 
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Chlamydophila Chlamydia pneumoniae (C. pneumoniae) and Alzheimer’s disease, 
and how this infection may be involved with the pathogenesis of sporadic AD. 

2. CLASSIFICATION AND CHARACTERISTICS OF 
ALZHEIMER’S DISEASE 

AD is classified typically as either Familial AD (FAD) or late-onset sporadic 
AD. FAD is the hereditary form of the disease, and represents a small percentage 
(~2%) of total AD cases worldwide.*^^^ In contrast, sporadic AD acconnts for the 
vast majority of AD cases (estimates of95% or more), and more typically occnrs 
as a late-onset event [>60 years of age (yo)]. 

In FAD, which usually occurs with an earlier onset in life (<60 yo), a 
number of different genetic mutations have been identified that result in the 
increased deposition of p-amyloid and account for the majority of early-onset 
FAD cases. These mutated genes include those that encode for the p-amyloid 
precursor protein (PAPP),*^®^ and presenilin 1 and 2 proteins (PSl, PS2).*^^”®^ 
As a result of these mutations, increased proteolysis by secretases of the PAPP 
protein near its carboxyl terminus leads to the generation of 40-43 amino acid 
peptides that comprise P-amyloid.*^*°* These peptides undergo conformational 
change into P-sheets that deposit into plaques in regions of the brain more 
susceptible to this damage. This deposition appears to be critical in the neu- 
ronal degeneration observed in AD.^"* With regards to sporadic AD, p-amyloid 
deposition also occurs and is thought to predispose susceptible regions of the 
brain to neuronal degeneration. Unlike FAD, in this form of the disease, other 
influences must prevail as no specific genetic mutations have been recognized. 

3. RISK FACTORS IN ALZHEIMER’S DISEASE 

Other genetic risk factors, excluding mutations, have been identified for 
AD, including the expression of the apolipoprotein E (apoE) e4 allele.*^*^^ The 
apoE protein is found as one of three polymorphic isoforms: e2, £3, and e4, with 
e4 being the least expressed of the three in the general population. The apoE- 
4 allele appears to act in a dose-dependent manner to increase risk for both FAD 
and sporadic AD, and is associated with earlier onset and more rapid progression 
in FAD.^*^’*'*^ However, more than one-third of late-onset AD cases do not have 
a single apoE-4 allele. ApoE functions in the transport of cholesterol and 
triglycerides as it is a protein constituent of chylomicrons, VLDL, and HDE.*^*®' 
As has been postulated previously, there may be a relationship between AD, 
apoEe4 expression, and atherosclerosis, another risk factor in AD. 

Other, nongenetic risk factors have been identified for sporadic AD. Al- 
though age remains the number one risk factor, atherosclerosis, neurotrauma 
resulting from head injury, and chronic inflammation all have been implicated 
in the development of AD neurodegeneration. One of the most elusive risk fac- 
tors may be the association of infection with the development of sporadic AD. 
Herpes Simplex Virus 1 (HSV-1) infection in the brain in individuals expressing 
the apoE-4 allele is considered to be a risk factor for development of AD,^'®* 
although specifics as to how the viral infection leads to neurodegeneration are 
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still in question. In a similar vein, intracellular bacteria have been considered, 
and although most have been excluded as causative agents in AD, spirochetes^*®* 
and C. pneumoniae^^^^ remain in question. 



4. ASSOCIATION OF C. pneumoniae AND ALZHEIMER’S DISEASE 

The first report of an association of C. pneumoniae with AD demonstrated 
by polymerase chain reaction (PCR) that the DNA of the organism was present 
in 90% of postmortem brain samples examined from sporadic AD.*^°* As com- 
pared to these results, only 5% of postmortem brain samples from age-matched, 
non- AD, control individuals contained DNA from C. pneumoniae. In this study, 
PCR was conducted using highly specific and sensitive probes for sequences of 
C. pnewmoniae chromosomal DNA.*^** Areas of the brain demonstrating signif- 
icant neuropathology (e.g., temporal cortices, hippocampus, parietal cortex, 
prefrontal cortex) as well as areas less often demonstrating AD pathology (e.g., 
cerebellum) were sampled by PCR. Positive samples were obtained from at least 
one area demonstrating neuropathology, and in four cases, from the cerebel- 
lum. Interestingly, in the latter four cases, severe neuropathology was observed 
throughout, whereas in the two AD brains that were PCR-negative, very mild 
pathology was observed.*^*** 

For confirmation of the PCR findings, other techniques were used to de- 
termine if C. pneumoniae antigens or viable organisms were present in the brain 
tissues. In tissues from which samples were taken for previous PCR testing, im- 
munohistochemistry and electron microscopy were used to identify the organ- 
ism. These analyses demonstrated in AD samples that antigens for C. pneumoniae 
were apparent within perivascular macrophages, microglia, and astroglial cells 
in areas of the temporal cortices, hippocampus, parietal cortex, and prefrontal 
cortex, but not in control samples. Electron microscopy revealed chlamydial 
inclusions that contained elementary (EB) and reticulate (RB) bodies. Immu- 
noelectron microscopy verified C. pneumoniae in the samples following labeling 
of the organism with a monoclonal antibody to a C. pneumoniae outer mem- 
brane protein (OMP) and a gold-conjugated secondary antibody. Immunogold 
labeling was not evident in comparable control sections negative by PCR. Upon 
confirmation that C. pneumoniae was present in the tissues, frozen tissue samples 
were analyzed by RT-PCR to determine whether RNA transcripts could be iden- 
tified. This analysis demonstrated that two transcripts could be identified, one 
for KDO transferase and the other for an Mr = 76,000 protein. Given that the 
RNA for these transcripts was recoverable from the frozen tissues, homogenates 
of representative PCR and RT-PCR positive samples were prepared and placed 
on THP-1 monocytes in culture to determine if C. pneumoniae could be cul- 
tured from the frozen brain tissues. Recovery of viable organisms was successful 
from two different AD brains and negative from two control brains.*^*** Taken 
together, these data confirmed that C. pneumoniae was present in areas of AD 
neuropathology, was viable from AD brain tissues, and was capable of being 
cultured from those tissues. 

In the analysis of the AD and control brains, 11 of the 17 samples positive 
for C. pneumoniae had at least one allele for the apoE£4 isoform (64%), which 
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was consistentwith the apoEe4’s being a risk factor for In a separate study 

in patients with arthritis in which C. pneumoniae DNA was found in their synovia, 
68% had at least one copy of The high percentage of patients infected with 

C.pneMmom'aeandpossessing apoEe4 suggests that this apolipoprotein may be 
involved as a co-risk factor with C. pneumoniae in the pathobiology of numerous 
diseases in which this organism is a primary suspect/^®’^^^ 

The uniqueness of our early study and the importance of replicating these 
findings has led others to attempt to identify and associate the presence of 
C. pneumoniae with sporadic AD. There have been mixed results reported from 
these attempts. Two reports from independent laboratories identified C. pneu- 
moniae in brain samples from late-onset sporadic Three early reports 

and one more recently found no association of C. pneumoniae with In 

review of the literature, there have been discrepancies in clearly identifying an 
association of C. pneumoniae with other diseases. One example is the association 
of C. pneumoniae with atherosclerosis and cardiovascular disease in which early 
reports were met with mixed results. Today, there is much greater acceptance 
of this organism having a role in these processes. At this time, multiple reasons 
for these discrepancies could be given, including sampling error, methodology, 
and absence of standardized techniques. This conundrum has led us to evaluate 
more specifically, in vitro and in an animal model, how infection with C. pneu- 
moniae interrslates with the known pathological processes identified in sporadic 
AD. In this regard, we have embarked on determining how C. pneumoniae may 
enter the central nervous system (CNS), stimulate a neuroinflammatory pro- 
cess, and act as a “trigger” for amyloid processing and deposition into plaques, 
a hallmark of AD pathology. 



5. ENTRY OF C. pneumoniae INTO THE NERVOUS SYSTEM 

Infection of the oral and nasal mucosae of the respiratory tract by C. pneu- 
moniae is considered to be the normal route of entry for this obligate, intra- 
cellular pathogen into the body.*^°^ However, the exact mechanisms by which 
the organism enters the systemic circulation are not well defined. Two routes 
by which C. pneumoniae may enter the CNS are through the intravascular and 
olfactory pathways (Fig. 1). Evidence for these routes has been obtained in 
our studies of the association of this organism with C. pneumoniae- 

infected glial cells, perivascular macrophages, and monocytes have been identi- 
fied around blood vessels in the AD brain. As the monocyte maybe the prin- 
cipal peripheral blood cell in which C. pneumoniae is harbored*^^^* and through 
which the organism gains initial entry to the circulation, the monocyte is 
likely to be the vehicle for trafficking C. pneumoniae across the blood-brain 
barrier 

There is precedence for chronic persistent infection of monocytes with 
C. pneumoniae, and this could facilitate systemic and CNS infection with this 
organism. Recent evidence implicates monocytes and human brain microvas- 
cular endothelial cells (HBMECs) in the entry of C. pneumoniae through an in 
vitro model of the blood-brain barrier.*^^^* C. pneumoniae infection of HBMECs 
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FIGURE 1. Hypothetical routes ofinfection with C pneumoniae. (1) Olfaction, entry ofbac- 
teria into nasal and/or oral mucosae. From this site, C pneumoniae trafficks to the (2) brain 
and/or to the (3) lungs. Following lung infection, C. pneumoniae gains access to the systemic 
circulation. From the circulation, distant sites such as the (4) heart and brain are susceptible 
to establishment of infection. 



increased the expression of the surface adhesion molecules, intercellular adhe- 
sion molecule- 1 (ICAM-1) and vascular cellular adhesion molecule-1 (VCAM- 
1). In a similar manner, C. pneumoniae infection of THP-1 monocytes resulted in 
increased surface expression ofthePintegrinsLFA-1 and MAC- 1, the ligands for 
ICAM-1, and the a4pi integrin VLA-4, the ligand for VCAM-1. With increased 
expression of the surface adhesins on the endothelial cells and the integrins 
on the monocytes, there was a 3-fold increase in transmigration of the mono- 
cytes through the in vitro barrier relative to the transmigration of uninfected 
monocytes through an uninfected endothelial barrier. Thus, brain microvascu- 
lar endothelia and peripheral monocytes could play a major role in promoting 
the entry of C. pneumoniae into the CNS. 

In conjunction with these studies, junctional protein expression was 
examined to determine how the zonula adherens and zonula occludens 
junctions were affected following endothelial and monocyte infection with 
C. pneumoniaeP^^ Analysis of surface-to-junction cross-talk examined the role 
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of cadherins, catenin, and occludin in maintaining the endothelial junctional 
integrity following infection. VE-cadherin, which is specific to the intercellular 
junctions of endothelial cells, communicates with the actin cytoskeleton through 
P-catenin. Perturbations of the cytoskeleton can directly affect the endothelial 
junctional complex assembly. Likewise, N-cadherin, important to the junctional 
assembly of the zonula adherens, is present on the entire brain endothelial cell 
surface . This study demonstrated that infection of HBMECs with C. pneumoniae 
led to upregulation ofVE-cadheren, N-cadheren, and p-catenin. In contrast, in- 
fection of the HBMECs with C. pneumoniae resulted in the downregulation of the 
tight junctional protein, occludin, at 36-48 h postinfection, with recovery of oc- 
cludin expression at 72 h postinfection. These data suggest that a compensatory 
response occurred at the level of the adherens junction to maintain barrier in- 
tegrity during the downregulation of tight junctional proteins at the time when 
barrier permeability increased. Occludin expression returned to control levels 
at 72 h postinfection, which suggests that the permeability changes were tran- 
sient. These transient changes increase the likelihood that transmigration of 
monocytes through the HBMEC barrier would occur.*^^®^ The alteration in the 
blood-brain barrier transport mechanism could therefore lead to increased im- 
mune cell infiltration and pathogen entry into the brain. Thus, these in vitro 
studies suggest that infection with C. pneumoniae of monocytes and brain en- 
dothelial cells could trigger the entry of infection into the brain, thereby setting 
the stage for neuroinflammation and eventual neurodegeneration characteris- 
tic of AD. 

Another route of entry for C. pneumoniae into the CNS is through the olfac- 
tory pathway. Since C. pneumoniae readily infects epithelial cells and has direct 
access to the olfactory neuroepithelium of the nasal olfactory system, this route 
of infection would be likely, given that C. pneumoniae is a respiratory pathogen. 
Examination of the olfactory bulbs obtained at autopsy from two AD cases re- 
vealed by PCR and RT-PCR that C. pneumoniae genetic material was present in 
these structures. Some of the earliest pathology observed in AD occurs in the 
olfactory and entorhinal cortices, in particular layers II and III of the entorhinal 
cortex of the parahippocampal gyrus from which neural projections of the per- 
forant pathway arise to innervate the hippocampal formation. Our earlier 
studies found evidence of the organism in the entorhinal cortex, hippocam- 
pus, and temporal cortex. These findings bring into question how infection, 
inflammation, and/or damage of the olfactory bulbs could lead to damage in 
deeper cortical and limbic structures in the AD brain. Whether infection of the 
olfactory system with C. pneumoniae can ultimately establish inroads for more 
extensive infection in the brain remains to be determined. 



6. C. pneumoniae AND NEUROINFLAMMATION 

Immunopathogenesis from inflammation is a hallmark of Chlamydia- 
induced disease. Chlamydial infections in vivo typically result in chronic in- 
flammation characterized cellularly by the presence of activated monocytes and 
macrophages. Eor example, in reactive arthritis associated with chlamydial 
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infection, systemic chronic disease is manifested with activation of TH1/TH2 
CD4+ cells and macrophages at sites ofinflammation/^^nn addition, at sites of 
chlamydial infections, proinflammatory cytokines (IL-l p, IL-6, TNFct ) and THl- 
associated cytokines (IFNy and IL-12) have been identified/^’^ Promotion of 
any or all of these responses could be evoked by chronic or persistent infection 
with C. pneumoniae as well as by chlamydial products such as lipopolysaccharide 
(LPS), heat shock proteins, and outer membrane proteins. The expression of 
LPS alone by this organism could account for numerous aspects of AD pathol- 
ogy. Previous work by others demonstrated that E. coli LPS injected at low dose 
directly into the brains of rats resulted in inflammation characterized by in- 
creased cytokine production and microglial activation.^^^' In addition, pathol- 
ogy comparable to that observed in AD was observed in the rat temporal lobe, 
as demonstrated by the induction of the amyloid precursor protein. Thus, these 
studies suggest that products of infection that are either produced by the infec- 
tant, or by the host in response to infection, may stimulate the inflammatory 
process in the brain, resulting in neurodegeneration characteristic of AD. 

In the AD brain, inflammation is thought to arise as a result of P-amyloid 
deposition, and has been advanced as a major mechanism in the overall patho- 
genesis of AD. Clinical trials investigating the effects of nonsteroidal antiin- 
flammatory drugs in older populations also implicate inflammation as a factor 
in AD, as some of these trials have shown that use of these drugs can delay 
the onset of sporadic AD.*^"^'^ The resident cells in the brain responsible for 
inflammation are typically the microglia and to a lesser extent, the astroglia. 
Microglia and astroglia have been shown to be activated in the AD brain, and 
often are identified in and around amyloid plaques. Microglia are the tissue 
macrophages in the brain and respond to insult with the production of proin- 
flammatory cytokines, and the generation of reactive oxygen species, among 
numerous other products. Identification of C. pneumoniae in the CNS has led us 
to speculate on the role of this infection in the pathology observed in the AD 
brain. 

A distinct superimposition of the inflammation induced by C. pneumoniae 
infections and that documented in AD is apparent. Data on the association 
of C. pneumoniae with AD demonstrated that microglia, astroglia, and perivas- 
cular macrophages were the cells principally infected in the AD brain with 
C. pneumoniae and these infected cells were observed often in areas of 
amyloid deposition. The influx of activated monocytes infected with C. pneu- 
moniae through the blood-brain barrier could have dire consequences in the 
brain. In diseases associated with other infectants such as human immunod- 
eficiency vims-1 (HIV-1), perivascular monocytic infiltration with subsequent 
symptoms of dementia has been documented. Activation of microglia and 
astroglia*^'*^^ in response to the presence of infected, activated monocytes could 
promote increased production of a variety of cytokines and chemokines such 
as interleukins II^lp,IL-6,TNFa, and IFNy among others As perivascu- 
lar macrophages, pericytes, microglia, and astroglia were shown to be infected 
with C. pneumoniaep°^ this infection could account for a significant propor- 
tion of the neuroinflammation and underlying pathology in the AD brain. In 
other neurological disorders in which neuroinflammation is a primary factor 
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in pathogenesis/'**^ C. pneumoniae has heen implicated. Thus, infection with C. 
pneumoniae is likely to play a role in neuroinflammation. 



7. CONSEQUENCES OE C. pneumoniae INFECTION IN VITRO 

The role that C. pneumoniae plays in “triggering” events resulting in AD 
pathology has been analyzed following in vitro infection of the human cell lines, 
THP-1 monocytes, and human brain microvascular endothelial cells (HBMECs). 
Experiments have been designed to determine whether infection with C. pneu- 
moniae influences the production and/or processing of cellular proteins found 
to be important in the pathology characteristic of sporadic AD. Data from these 
studies suggest that expression of the amyloid precursor protein is increased 
as well as the processing of this protein into fragments that are immunoreac- 
tiveforAp 1^0 and Ap 1-42. THP-1 monocytes acutely or chronically infected 
with C. pneumoniae appeared to increase both message and protein expression 
for the amyloid precursor protein, with increased breakdown of the precur- 
sor into fragments that contained Ap 1^0 immunoreactive epitopes (Pig. 2a). 
The increase in immunoreactive fragments was determined following analysis 
of whole cell lysates. In this regard, the 4-kDa fragment of Ap was not apparent 
on the Western blots as this processed peptide is typically secreted from the cell 
following cleavage events. The monocytes also produced IL-ip and TNFofs as 
determined by immunocytochemistry following infection with C. pneumoniae. 
In addition, HBMECs infected with C. pneumoniae increased amyloid produc- 
tion and processing as determined by Western immunoblotting for Ap 1^2 
(Fig. 2b) and Fluorescence Activated Cell Sorting (FACS). The processing of 
amyloid by these cell types, in addition to their activation to promote transmi- 
gration of peripheral monocytes through the endothelial barrier,**^* suggests 




FIGURE 2. Processing of amyloid following acute C pneumoniae infection in vitro. C. pneumo- 
niae infection of (A) THP-1 monocytes and (B) human brain microvascular endothelial cells 
(HBMECs) resulted in an increase in AP immunoreactive peptides over the course of 72 h. Lane 
1, uninfected; lane 2, 24 h postinfection; lane 3, 48 h postinfection; lane 4, 72 h postinfection. 
Note: Lower molecular mass bands appearing at 48 h (lane 3) and 72 h (lane 4) postinfection 
for both THP-1 (AP 1^0) and HBMECs (AP 1-42). 
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that angiopathy could arise following local amyloid production and processing 
in the hrain. The influx of infected monocytes into the brain with ultimate 
production and processing of P-amyloid may provide a nidus of amyloid depo- 
sition that could promote further damage and/or “seeding” of further plaque 
development. 

Entry of infected monocytes into the brain also may result in infection of 
resident microglia, astroglia, and neurons. Previous studies have shown that glial 
cells are infected in the AD brain, and recent studies in our laboratory have 
shown that a human neuroblastoma cell line can be infected with C. pneumoniae 
(unpublished observation). The neuroblastoma cells appear to harbor the infec- 
tion and develop a chronic/persistent infection with this organism. Intriguingly, 
the persistently infected nerve cells do not undergo staurosporine-stimulated 
apoptosis. Observations indicate that infection of neurons with C. pneumoniae 
result in inclusions containing organisms that localize close to the nucleus and 
Golgi apparatus and resemble those of granulovacuolar degeneration. Granulo- 
vacuolar degeneration occurring in AD has never been understood fully, but it 
occurs in pyramidal neurons typically in the hippocampus, and in neurons in 
the olfactory bulbs. Further analysis in vitro, and of AD neurons in situ, is 
required to determine if C. pneumoniae infection of neurons results in the type 
of pathology found in AD. 



8. ANIMAL MODEL FOR SPORADIC ALZHEIMER’S DISEASE 

We have developed a mouse model to test whether C. pneumoniae can 
be a primary trigger for AD pathology following a noninvasive route of 
inoculation. Since young, naive, nontransgenic mice do not develop AD 
pathology, they are a suitable host for analyzing whether inoculation with this 
organism would lead to any pathological change in the brain. Young [3 months 
of age (mo)], female BALB/c mice were inoculated intranasally with an iso- 
late of C. pneumoniae obtained from an AD brain. Uninfected control mice 
received vehicle only, which consisted of Hank’s balanced salt solution. The 
intranasal route of inoculation was used for several reasons: the recognized ol- 
factory deficits in AD,^^®^ the previous PCR findings of C. pneumoniae in human 
olfactory bulbs, and the direct access to the nasal olfactory neuroepithelium of 
this respiratory pathogen. Mice were sacrificed at 1,2, and 3 months postinoc- 
ulation by perfusion fixation followed by collection of the brain and olfactory 
bulbs. Representative areas of the brain and olfactory bulbs were analyzed for 
the presence of C. pneumoniae, inflammation, and pathology characteristic of 
AD, in particular amyloid plaques and neurofibrillary tangles. 

Light microscopy and electron microscopy (Fig. 3) revealed the presence of 
C. pneumoniae in the olfactory bulbs of animals 1-3 months postinfection. Even 
more remarkable was the identification of Ap l-M-2 immunoreactive amyloid 
plaques in areas of the brain associated with AD pathology (e.g., hippocampus, 
entorhinal cortex) and in a region less affected in AD (e.g., cerebellum). Few 
plaques were first observed at 1 month postinfection in all regions. Increased 
numbers of plaques were observed at 3 months postinfection in areas typically 
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FIGURE 3. Olfactory bulbs from mice infected with C. pneumoniae. B ALB/c mice were infected 
intranasally with C pneumoniae and sacrificed at 3 months postinoculation. Profiles of C. pneu- 
moniae (A, B, arrows) were observed in cells in the olfactory bulbs. (A) A typical inclusion 
containing chlamydial bodies. Bar.s = 0.4 pm. 



affected in AD (Fig. 4). Evidence of inflammation was observed infrequently 
with reactive astrocytes located in some areas of amyloid plaque deposition as 
well as around some blood vessels. Analysis of the amyloid plaques following 
thioflavin S staining revealed fibrillogenesis in a few plaques (Fig. 5). Fibrilloge- 
nesis of amyloid peptides is acommon finding in mature plaques in the AD brain. 
These data suggest that mature amyloid plaque formation in the brain can result 
from infection with C. pneumoniae. We observed in some areas of the brain intra- 
cellular immunolabeling for Ap 1-42 in pyramidal neurons. However, whether 
inflammation is responsible for increased amyloid production/processing in 
the neurons is not known. Intracellular processing of the amyloid precursor 
protein into Ap 1-42 recently has been recognized in the pyramidal neurons in 
the entorhinal cortex of AD brains, and is speculated to account for a portion 
of the dense-core amyloid plaques observed in AD cortices. Our data suggest 




FIGURE4. Ap immunoreactive plaques in mouse brain. Mice were inoculated intranasally 
with C pneumoniae and sacrificed at 3 months postinfection. Numerous Ap 1^2 immunore- 
active plaques were apparent within the brain (A, B, arrows). Note: Plaques were observed in 
regions typically affected by AD pathology. (B) Plaques in a section at the level of the hip- 
pocampal formation. Bars = 200 pm. 







FIGURE 5. Amyloid plaques labeled with Thioflavin S. Amyloid plaques apparent at 3 months 
postinfection demonstrate fibrillogenic forms of amyloid. Bars = 50 M-tn. 



that the initial intracellular accumulation of AP 1-42 may give rise to the ex- 
tracellular accumulation of Ap 1^2. Whether this intracellular accumulation 
could promote other neuropathology remains to be determined. 

Silver staining (Galiyas) and immunolabeling for the tau protein failed to 
demonstrate neurofibrillary tangle pathology in the mouse brain at 1, 2, and 
3 months postinfection. It is possible that the amount of time postinfection was 
not sufficient to initiate this type of pathology. Therefore, we have initiated ex- 
periments investigating whether long-term infection (e.g., >1 year) willresultin 
tangle formation and increased plaque formation consistent with the progres- 
sive nature of AD. Alternatively, aged immunosenescent animals may be more 
susceptible to tangle formation following acute or chronic chlamydial infection. 
To address these questions, studies are now underway using this mouse model. 
This unique model should provide a foundation for testing how sporadic AD 
may be a consequence of infection and for testing intervention strategies de- 
signed to eradicate the infection, diminish inflammation, and improve/restore 
cognitive function. 



9. SUMMARY 

Alzheimer’s disease is a complex disorder that invariably leads to extensive 
neurodegeneration and dementia. As hereditary forms of this disease are rare, 
there is much interest in determining risk and causative factors, resulting in 
the prominent sporadic form of this disease. Currently, there are accepted risk 
factors that include age, neurotrauma, ApoEe4 allelic genotype, and atheroscle- 
rosis. Although infection is accepted to be involved with nerve cell damage and 
symptoms of dementia as observed in HTV-1 associated dementia,*^'*^^ infection 
as a potential causative agent for AD is controversial. Intriguingly, C. pneumoniae 
infection has been associated with many of the accepted risk factors for AD, in- 
cluding age, atherosclerosis, and apoEe4. Furthermore, neurotrauma following 
head injury would facilitate blood-borne entry of C. pneumoniae into the CNS. 
Infection with C. pneumoniae stimulates a proinflammatory response as well as 
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promotes the development of chronic inflammation. This may well account for 
neuronal damage and degeneration early in the disease process. 

Our data demonstrate that the organism enters the brain following infec- 
tion of the olfactory neuroepithelia and/or of the peripheral blood monocytes. 
Infection of both human monocytes and microvascular endothelial cells has 
been demonstrated to facilitate the entry of C. pneumoniae through the en- 
dothelial barrier as well as eliciting increased production and processing of 
the ^amyloid precursor protein into AP 1^0/42 forms. Implications of these 
interrelated events include infection in the CNS with a nidus for the production 
of amyloid peptides capable of “seeding” further amyloid plaque formation. Al- 
ternatively, infection of olfactory neuroepithelia and subsequently the olfactory 
bulbs, and deeper structures in the brain, may result in neuronal damage, lead- 
ing to increased amyloid production and processing. As glial cells in AD brains 
have been shown to be infected with C. pneumoniae, glial responses leading to 
the production of inflammatory modulators such as cytokines and reactive oxy- 
gen species may promote neuroinflammation and further degeneration. Thus, 
multiple mechanisms and cascading events may be initiated following infection, 
thereby contributing to the neurodegeneration and symptomatology character- 
istically observed in AD. 

Although the specific mechanisms of amyloid plaque deposition have yet 
to be elucidated, our research represents an initial “proof of principle” that 
infection with C. pneumoniae may be a “trigger” in the pathogenesis of sporadic 
AD. This proof of principle is based on the induction of plaque pathology, fol- 
lowing infection, in the brains of normal, young, nontransgenic mice that have 
no predisposition toward the development of pathology consistent with AD. 
This model provides an opportunity to evaluate how infection may be influen- 
tial in the development of sporadic AD as compared with other models using 
genetically modified animals that more closely resemble the development of 
familial AD. 



10. FUTURE DIRECTIONS 

The continued development of in vitro and in vivo models to determine 
how infection with C. pneumoniae leads to Alzheimer’s pathology is one of the 
most promising directions to follow in the current research efforts. In the non- 
transgenic animal models, in particular, the observation of neurofibrillary tangle 
formation following infection will certainly strengthen the hypothesis that in- 
fection causes pathology similar to that observed in AD. Furthermore, increased 
amyloid plaque development as a function of multiple inoculations as well as 
increased infection time, and similar demonstrations in older animals, will cer- 
tainly address the issues of progressive disease and associated pathology. In the 
event that older animals exhibit accelerated pathology with shorter duration of 
infection, issues of immunosenescence and the ability to resolve infections as 
a function of age will need to be addressed. In addition, behavioral and cogni- 
tive testing of animals following infection will help to correlate structural dam- 
age with functional change. Extensive understanding of the basic mechanistic 
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features of C. pneumoniae infection in the brain will lead to final acceptance of 
the role that C. pneumoniae plays in sporadic AD. 

The animal model will allow us to test different treatment modalities to de- 
termine the efficacy of bactericidal antibiotics to specifically eradicate C. pneu- 
moniae infection in the brain. These studies will provide a basis for the eventual 
treatment of AD patients. Our immediate goals of this treatment would be to 
slow disease progression, and/or ameliorate cognitive function with a dimin- 
ishment of symptoms. Great efforts will be required throughout the scientific 
community to increase our knowledge of how this infection interacts with host 
genetics and otherenvironmentalriskfactors. Only with these efforts will we ulti- 
mately be able to diagnose, treat, eradicate, and prevent C. pneumoniae-indnced 
sporadic AD. 
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1. INTRODUCTION 

According to the currently accepted diagnostic criteria of the American Col- 
lege of Rheumatology (ACR), reactive arthritis is a sterile immune-mediated 
pathogenesis process of the joint that follows bacterial infection of either the 
gastrointestinal or urogenital system/*^ The enteric organisms most closely asso- 
ciated with the disease include various species ofthe genera Salmonella, Yersinia, 
Campylobacter, Shigella, and others; the primary urogenital pathogen involved in 
the genesis of reactive arthritis is the obligate intracellular bacterium Chlamydia 
trachomatis Recent studies from many laboratories, however, have equivo- 
cated this official disease definition/^^ For example, while it does appear to be 
the case that synovial inflammation elicited by prior infection with Salmonella, 
Yersinia, and other enteric organisms involves primarily protein antigens in the 
joint rather than viable bacteria,*^^”^^ C. trac/jornatw has been demonstrated to 
be not only viable at that site, but also metabolically active/®’^^ Thus, as devel- 
oped in detail below, our current understanding of the pathogenesis process, 
and host-pathogen interaction, in reactive arthritis clearly is incomplete. 

Importantly, several groups have identified organisms in the inflamed joints 
of patients with reactive arthritis other than those canonical species specified by 
the official ACR definition. One approach employed by many investigators has 
been to use generalized polymerase chain reaction (PCR) primer systems tar- 
geting highly conserved DNA sequence regions separated by unique regions 
of the bacterial 16S rRNA genes. Results of the many studies structured in 
this fashion have been surprisingly congruent, demonstrating various species of 
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Pseudomonas, Mycoplasma, and other genera known to include both pathogenic 
and nonpathogenic organisms/*^ Interestingly, some of these studies also iden- 
tified unusual bacterial species in the inflamed joint, including Moraxella osloen- 
sis, Stenotrophomonas maltophilia, and others, some of which are opportunistic 
pathogens of emerging interest/®* However, it is not clear at this point what 
influence, if any, these organisms exert on the initiation or maintenance of syn- 
ovial pathogenesis. A second approach to identification ofnoncanonical bacte- 
rial species in the joint has been to use PCR primer systems targeting a specific 
organism. One bacterium targeted in this manner in recent studies has been 
the respiratory pathogen Chlamydia pneumoniae. As developed in this chapter, 
C. pneumoniae has undergone relatively intense scrutiny in relation to its po- 
tential role in eliciting synovial inflammation and its resulting chronic reactive 
arthritis. The results of those studies indicate that this organism does indeed 
participate actively in the inflammatory process characteristic of this clinical en- 
tity, although many important details concerning how it does so remain to be 
elucidated. 



2. REACTIVE ARTHRITIS 

Reactive arthritis is an incompletely understood inflammatory process of 
thejoint. Classic reactive arthritis produces an oligoarthritis that normally in- 
volves the lower extremities; the disease also usually produces enthesitis and 
may include sacroiliitis.**’^* The HLA B27 allele is seen in patients with reactive 
arthritis somewhat more frequently than in the general population, but it is not 
invariably present.*^* The disease shows inflammatory changes such as increased 
leukocyte counts injoint effusions, as well as inflammation of the synovium. In 
many cases, episodes of active arthritis last weeks or longer, but finally result 
in remission. Approximately half of all individuals with acute reactive arthritis 
become chronic or remitting, either with or without evidence of reinfection by 
the associated or by other organisms. 

As indicated above, the spectrum of organisms involved in reactive arthri- 
tis is probably larger than that suggested by the strict ACR definition. Indeed, 
more than 75% of patients seen in an early arthritis clinic showed similar unex- 
plained oligoarthritis (occasionally polyarthritis) with no documented history 
of antecedent infection;**’^ *®* this issue is developed in more detail below. Pa- 
tients with classic reactive arthritis frequently display a variety of extraarticular 
features, including iritis, conjunctivitis, urethritis, cervicitis, and several types 
of dermatitis.**’^* However, most rheumatologists indicate that such additional 
features are not required for diagnosis. 

Reiter’s syndrome is a subset of reactive arthritis, also defined by ACR cri- 
teria. The synovitis in patients with early Reiter’s syndrome is characterized by 
superficial inflammation with large numbers of polymorphonuclear cells and 
vascular congestion;**'* this is distinctly different from findings in the early 
rheumatoid arthritis synovium. **^’*^* In chronic Reiter’s syndrome, synovial 
changes tend to be similar to those seen in patients with rheumatoid arthritis, 
with higher levels of lymphocyte and plasma cell infiltration. Fibrin deposition 
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may be seen in both acute and chronic disease. Electron microscopic studies 
show micro vascular occlusion by platelet-fibrin thrombi, electron-dense protein- 
like deposits in vessel walls, and strands of infiltrating fibrin. While C. trachomatis 
has long been associated with development of Reiter’s syndrome in some pa- 
tients, no information is available at present concerning a possible role for 
C. pneumoniae in the genesis of this clinical entity. Thus the discussion following 
will focus primarily on classic reactive arthritis. 



3. Chlamydia trachomatis, PERSISTENCE, AND REACTIVE ARTHRITIS 

The role played by C. pneumoniae in the genesis of inflammatory arthritis 
is best understood in the context of, and in comparison to, that played by its 
more extensively studied sister-species C. trachomatis. As mentioned, this latter 
organism is one of the canonical bacterial species specified by ACR diagnostic 
criteria as etiologic for reactive arthritis. Early immunocytochemical and immu- 
noelectron microscopic studies indicated that intact organisms and chlamydial 
antigens sometimes could be identified in the synovium of patients with reactive 
arthritis. Eor example, one electron microscopic study of patients having disease 
of less than 4 weeks’ duration gave evidence for C. trachomatis Within synovial 
mononuclear cells. Keat et al. used monoclonal antibodies to demonstrate 
C. trachomatis elementary bodies in synovial tissue and/or synovial fluid of 5 of 
8 patients with sexually acquired reactive arthritis; none of 8 controls showed the 
organism. A study of 129 Reiter’s syndrome patients showed elementary 
and reticulate bodies in 54% of urethral biopsies and synovial fluid samples. 
In early light and electron microscopic studies on synovial tissue of Reiter’s 
syndrome patients, investigators found that 6 of 8 with early disease showed 
Chlamydia-hhe bodies at that site.^*^^ These were confirmed in two cases using 
anti-C. trachomatis antibodies. 

A few studies have reported culture of C. trachomatis from joints,*^**^ but 
most groups have not been able to reproduce these results. Thus, although mi- 
croscopy showed apparently intact Chlamydia and/or protein antigens from the 
organism in synovial materials from patients with inflammatory arthritis, virtu- 
ally all attempts to demonstrate viability of those bacteria via culture have been 
unsuccessful. These negative culture results for C. trachomatis from relevant syn- 
ovial materials engendered the current ACR definition of the disease, including 
Chlamydia-associated reactive arthritis, as a sterile inflammatory process of the 
synovium. We now know that synovial C. trachomatis cells are viable and metahol- 
ically active, and to a large extent we understand why synovial materials are 
culture-negative for the organism, as developed next. 

The standard textbook description of the biphasic developmental cycle of 
Chlamydiae was derived primarily from the study of in vitro culture systems that 
used “permissive” host cells, i.e. eukaryotic cells that support passage of the or- 
ganism through the entire cycle, such as the HeLa cell line. Over the last 25 years, 
however, it has become clear that under some circumstances the chlamydial de- 
velopmental cycle can be arrested at a late point, obviating production and 
release of new elementary bodies. This state of arrested development under 




230 



J. A. WHITTUM-HUDSON et al. 



certain growth conditions and/or within certain host cell types is referred to 
as “persistence.” The idea that Chlamydiae can engage in persistent infection 
is not new, although much of the evidence supporting the reality and clini- 
cal significance of persistent chlamydial infection in the joint and elsewhere 
has been generated during the last 15 years. A detailed review of the historical 
development of the idea of persistence in relation to chlamydial infections is 
beyond the scope of this chapter. However, much of the influential initial work 
in this area was done by the Byrne laboratory, based on studies of C. trachomatis 
infection of HeLa cells under treatment first with penicillin, later with low lev- 
els of In those studies, it was shown that infected cultures so treated 

contain reticulate body-like forms displaying aberrant morphology within the 
inclusions, and that supernatants from treated cultures contained no, or ex- 
tremely low levels of, new elementary bodies. The Byrne group also showed 
that such aberrant chlamydial forms accumulate replicated and fully segregated 
copies of the bacterial chromosome in the absence of cell division. Removing 
IFNyfrom the medium releases Chlamydia from this block in completion of the 
developmental cycle, resulting in return to normal morphology and production 
of new elementary bodies. 

Detailed molecular genetic examination of persistently infecting C. tra- 
chomatis, both in an in vitro monocyte model of persistence,^^^^ and in synovial 
biopsy samples from patients with C. tracAomafA-associatedreactive arthritis, 
has revealed a number of unusual biochemical and physiologic characteristics 
which distinguish this state from that of actively growing organisms. Initial stud- 
ies published some years ago demonstrated that synovial tissue, not synovial 
fluid, is the preferred site of residence for the organism in chronic reactive 
arthritis, that synovial C. trachomatis cells are indeed viable and metabolically 
active,*^^"*^ and that those cells display a highly unusual profile of gene expression, 
which explains many of the puzzling aspects of chronic synovial infection by the 
organism. For example during persistent infection, C. trachomatis upregulates 
production of the Hsp60 protein, a powerful immunogen, while attenuating 
expression of ompl, the gene encoding the major outer-membrane protein;^^"** 
this latter gene product is a critical component of the bacterial cell wall, and 
its loss during persistent infection largely explains the aberrant morphology of 
chronically infecting synovial Chlamydia observed in electron microscopy and 
other studies of persistent C. trachomatis. 

Recent research has demonstrated that while ATP production via the 
chlamydial glycolytic and pentose phosphate pathways occurs at a high level 
in actively growing C. trachomatis, during persistent infection both in vitro and 
in relevant patient samples, expression of all genes encoding products required 
for function of those pathways is abrogated (Table I) this engenders a signifi- 
cant decrease in the overall metabolic rate of persistent organisms. Importantly, 
further studies showed that, although genes such as dnaA, polA, mutS, and oth- 
ers required for chromosomal DNA replication and partition are expressed 
during persistence, genes whose products are required for the cytokinesis pro- 
cess, such as ftsK andftsW, are not expressed;^^®^ this observation explains the 
highly attenuated production of new infectious elementary bodies by persistent 
C. trachomatis, in turn giving an explanation for the well-known culture-negativity 
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TABLE I 



Elxpression of C. trachomatis Genes Encoding Proteins for the 
Glycolytic and Pentose Phosphate Pathways During Active 
(HEp-2) vs. Persistent (Monocyte) Infection" 
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“Determinations done by standard RT-PCR; see ref. 25 for details, original data, 
and patient analyses. 

^Representative genes encoding products of the glycolytic pathway. 
‘^Representative genes encoding products of the pentose phosphate pathway. 



of synovial materials from patients with Chlamydia-associated arthritis. These and 
other data relevant to the biology and pathogenesis of persistent synovial C. tra- 
chomatis are reviewed in detail in refs. 5 and 7, but the important point is that 
chronic joint inflammation elicited by C. trachomatis is a function of persistent, 
not active, infection by tbe organism. 



4. Chlamydia pneumoniae AND ARTHRITIS 

Over tbe last 10 years several laboratories bave reported the presence of 
DNA from Chlamydia pneumoniae in synovial materials of patients with an in- 
flammatoryjoint disease resembling reactive arthritis, usually in the form ofun- 
differentiated mono- or oligo-arthritis.*^^^”^®* Although much evidence argues 
that it is extremely likely, and even though a tacit agreement appears to exist in 
the rheumatology community that it is so, unequivocal demonstration that the 
organism is etiologic for the observedjoint disease in this situation remains to 
be obtained. Some systematic study of tbis question bas been done, however. In 
one report from our group, C.pneumoniae-specificVCR- screening assays were 
developed and used to survey a large number of synovial DNA samples; the sam- 
ples chosen for analysis were known to be PCR-negative for C. trachomatis. Results 
of this survey indicated that 13% of the samples analyzed were PCR-positive for 
DNA from C. pneumoniae, a rate lower than that for C. trachomatis in our pa- 
tient population but still significant.^^^^ Importantly, virtually all PCR-positive 
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samples were from synovial tissue, suggesting that, as with C. trachomatis, the 
primary site of long-term residence for C. pneumoniae in thejointis the tissue, 
not synovial fluid. The same strategy used for the demonstration that synovial 
C. trachomatis cells are viable and metabolically active has been employed to 
assess those characteristics of C. pneumoniae in synovial tissue. This experimen- 
tal approach involves using an RT-PCR assay targeting primary transcripts from 
the C. pneumoniae rRNA operons to assess those transcripts in RNA/cDNA from 
synovial tissues known to be PCR-positive for the organism. These studies con- 
firmed that this organism, again like its sister-species, is viable and metabolically 
active during chronic infection of thejoint.^^^^ Importantly, however, in none 
of the patients groups studied so far by any laboratory has it been possible to 
deduce a clear-cut set of extra-articular features that characterize inflammatory 
arthritis presumably induced by C. pneumoniae, in contrast to the situation for 
C. trac/zomai A-induced j oint disease. This difference in disease phenotype almost 
certainly results from differences in the details of host-pathogen interaction for 
these two organisms, as developed below. 

Culture of Chlamydia pneumoniae has not been attempted extensively from 
PCR-positive synovial tissue, and thus it is not yet clear that synovial C. pneumo- 
niae reside in joint tissue in the persistent state. This seems likely to be the case, 
however, since the primary host for the organism, and its vehicle for dissemina- 
tion from the respiratory system, is the monocyte/macrophage. Importantly, in 
collaboration with G.I. Byrne’s laboratory, our group recently showed that the 
aberrant morphology, as well as all of the differential transcriptional attributes 
described above, which characterize persistent C. trachomatis, also obtain for 
persistent C. pneumoniae, when persistence is induced by IFNy treatment of in- 
fected HEp-2 cells (Table II). As yet unpublished observations also indicate 
that the transcriptional differences summarized for C. trachomatis in the human 
monocyte model of persistent infection also obtain for C. pneumoniae infection 
in the same model. Thus, as far as has been determined, both the molecular 
genetic and morphologic differences shown by chronically infecting synovial 
C. trachomatis also apply to synovial C. pneumoniae, suggesting that the latter, like 
the former, exist in that tissue in the persistent state. 

However, not all aspects of long-term synovial infection by C. pneumoniae 
are identical to those shown by its sister-species. In relation to studies of C. pneu- 
moniae in a different, nonarthritis, context, it was demonstrated that indi- 
viduals PCR-positive for this organism in synovial tissue have a prevalence of 
the e 4 allele type at the APOE locus on chromosome 19 which is more than 
4-fold higher than that of the general population;^^^^ this was not the case for 
reactive arthritis patients PCR-positive for C. trachomatis DNA, or arthritis pa- 
tients synovially infected with other organisms. This observation suggests that 
the gene product of the e4 allele is somehow involved in pathogenesis by C. pneu- 
moniae. Recent unpublished results from our group further indicate that host 
cells expressing this allele infect with standard strains of Chlamydia pneumoniae 
significantly more easily than do cells lacking it, although we do not yet under- 
stand by what means the e4 product confers such increased infectivity on host 
cells. 
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TABUE n 

Expression of C. pneumoniae Genes Encoding Proteins 
for ONA Replication and Cytokinesis During Active 
(H£p-2 — IFNy) vs. Persistent (H£p2 + LENy) Infection" 
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“Determinations done by standard RT-PCR; see ref, 33 for details and all 
original data. 

^Representative genes encoding products required for DNA replication. 
'’Representative genes encoding products required for cytokinesis. 



5. Chlamydia pneumoniae AND CYTOKINES 

The cytokine balance elicited during a host immune response to any in- 
fectious agent strongly influences whether that pathogen is eliminated with 
minimal damage to the host, or whether pathogen- or immune-mediated dam- 
age ensues/^®^ The predominance ofThl- or Th2-associated cytokines, i.e., IL-2, 
IFNy.TNFa versus IL-4, lL-6, IL-10, produced by lymphocytes at sites of inflam- 
mation is often used as a general indicator of which CD4-I population is involved 
at that site, but macrophages/monocytes produce some T cell-associated cy- 
tokines, including IL-10, TNFa, IL-6. Thl CD4 -h cells drive delayed-type hyper- 
sensitivity responses, whereas Th2 CD4-I cells are associated with T-dependent 
antibody responses/^^^ CD8-I- T cells have other effector functions, including 
cytotoxicity for infected cells; they produce some of the same Thl- and Th2- 
like cytokines IFNy, TNFa, lL-5). Studies have shown a shift over the 
course of chronic disease from a Thl- to a Th2-dominant cytokine pattern/^*^ 
In addition to proinflammatory mediators such as IL-1 and TNFa, mono- 
cytes/macrophages produce a varied repertoire of cytokines, including IL-12 
and TGFP, some of which are upregulated in experimental or clinical Chlamydia 
infection/^^“"^°^ 

Many studies have indicated roles for cytokines in the growth, differen- 
tiation, and persistence of ChlamydiaeS^'^’^^^ As mentioned, if cultured in the 
presence of low levels of IFNy, growth of both C. trachomatis and C. pneumo- 
niae is inhibited in vitro, aberrant forms of intracellular organisms develop, and 
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the profile of bacterial genes expressed becomes unusual/*^’^^^ The growth 
inhibition results from induction of indoleamine-2, 3-dioxygenase, which de- 
prives the pathogen of tryptophan by degrading it/"**^ Moreover, IFNy causes a 
selective transcriptional downregulation of several chlamydial genes, including 
ompl; LPS production is also attenuated, and other chlamydial genes, including 
groEL, are upregulated/^’^^ When IFNy is removed from the growth medium, 
infectious organisms are again produced, LPS and major outer membrane pro- 
tein levels return to normal, and the groEL gene product is decreased. TNFa, 
a proinflammatory cytokine produced by both T cells and macrophages, has 
similar, synergistic effects to those of IFNy in this system.*^'**^ Studies have shown 
that IFNa/P and NO also are induced during in vitro chlamydial infection of host 
cells. Interestingly, a recent report indicated that the amount of NO released by 
macrophages has important regulatory effects on chlamydial pathogenesis.*^'*^* 
IFNa/p can modulate inflammation and immune responses and have been as- 
sociated with some forms of arthritis. The presence of NO is consistent with 
recent experimental results showing that activated NO synthetase correlates 
with clearance of infection. In vivo sites of chlamydial infection show chronic 
inflammation and generally contain T cells, monocytes/macrophages, and at 
some sites B lymphocytes.*'*^* 

It is not clear whether chlamydial infection elicits an inflammatory response 
because of upregulated cytokine production in infected or neighboring cells, 
or if the immune response to infected cells drives the inflammatory response 
via influx of cytokine-producing lymphocytes and macrophages. Nonetheless, 
synovial materials have been studied for the panel of cytokines present in 
C. trachomatis- and C. pneumoniae-induced inflammatory arthritis. After de- 
velopment of inflammation, Thl/Th2 CD4-H cells, as well as CD8-I- cells and 
macrophages, have been detected in synovial fluid.*'*'** Many studies have in- 
dicated that, in patient materials from individuals with early disease, proin- 
flammatory cytokines such as IL-12 and IFNy are prominent.*^^ '*'** However, 
in a large-scale study of the steady-state pattern of cytokine and chemokine 
mRNA production elicited by C. trachomatis during chronic synovial infection, 
a significant difference in the pattern of inflammatory mediators was identi- 
fied compared with that of early disease. That is, in C. trachomatis-miected 
joint tissues from chronic reactive arthritis patients, IL-10 and IL-8 messen- 
gers strongly predominated, although low levels of mRNA encoding IFNy, 
TNFa, and IL-15 were also identified; transcripts for the MCP-1, but not the 
RANTES, chemokine were present.*'*^* In the same study, it was shown that in 
synovial tissue samples from arthritis patients chronically infected at that site with 
C. pneumoniae, essentially only mRNA encoding IL-8, II^lp, and RANTES were 
present (Fig. I). 

Thus, chronic synovial infection with C. pneumoniae shows important dif- 
ferences in host attributes and host response than does chronic infection at 
that site with C. trachomatis. Such differences almost certainly account for the 
observed differences in extra-articular features noted above for C. trachomatis- 
vs. C. pneumoniae-mduc&d arthritis. Regardless, all available data indicate that 
joint infection with C. pneumoniae does engender a form of inflammatory, reac- 
tive arthritis. 
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FIGURE 1. Relative levels of cytokine-encoding mRNA in synovial tissue chronically infected 
with C. trachomatis (panel A) or C. pneumoniae (panel B). Similar assays using RNA/cDNA 
from a patient with undifferentiated oligoarthritis but who was PCR-negative for all organisms 
examined showed no induction of cytokine transcripts (not shown). Assays were done by real 
time RT-PCR; see ref. 45 for all experimental details and complete data and discussion. Cl, C2, 
control patients. Figure adapted with permission from ref. 45. 



6. SUMMARY 

Chlamydia pneumoniae is a pathogen of much current interest in relation 
to several chronic and acute human diseases. Associations of this organism 
with some clinical entities, such as multiple sclerosis and late-onset (sporadic) 
Alzheimer’s disease, remain highly controversial, but a role for C. pneumoniae 
in the genesis of inflammatory arthritis has gained much credence over the 
last several years. While the published data briefly summarized in this chapter 
clearly support a role for C. pneumoniae in this disease, a good deal remains to 
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be learned concerning the mechanisms by which disease generation is initiated 
and/or maintained by the bacterium. For example, studies of C. trachomatis 
its pathogenic role in reactive arthritis convincingly show that this bacterium 
resides long-term in synovial tissue in the persistent, rather than the actively 
growing, state, and thatjoint pathogenesis by this organism must be understood 
in terms of host-pathogen interactions specific to that biologic state. Currently 
available data concerning the biology of C. pneumoniae in the j oint, while strongly 
suggestive of persistent infection, do not unequivocally demonstrate that this 
organism, like its sister-species, undergoes persistence during chronic infection 
of the synovium. Further, some data suggest that molecular genetic and other 
details of persistent infection and host-pathogen interaction differ somewhat 
between C. trachomatis and C. pneumoniae. Those potential differences must be 
defined carefully, since the lack of clear extraarticular features for the inflam- 
matory arthritis apparently induced by the latter organism probably relate to 
those differences. Moreover, the role of the APO£e4 gene product must be elu- 
cidated, since some observations indicate that it may be important, specifically 
in the C. pneMmoniae-associated pathogenesis process. Thus, even though it is 
likely that this unusual organism does indeed elicit synovial pathogenesis, much 
work remains to be done before its role in joint disease is fully understood. 
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Role of Chlamydia pneumoniae 
as an Inducer of Asthma 

DAVID L. HAHN 

1. INTRODUCTION 
1.1. Definition of Induction 

Chlamydia pneumoniae (Cpn) could have three distinguishahle causal effects as 
an asthma inducer. First, an acute infection (or reactivation of a latent infection) 
could cause an acute worsening of preexisting asthma. Indeed, it is generally 
accepted that acute Cpn infection can cause some acute asthma exacerbations^^’^^ 
but most evidence suggests that other organisms [mainly respiratory viruses, 
and, to a lesser extent. Mycoplasma pneumoniae (Mpn*^^^)] are associated with 
the majority of asthma exacerbations in both children*^"^* and adults. Second, 
because of its propensity to produce persistent infection, Cpn chronic lung 
infection could cause worsening of established asthma over time. Again, Cpn 
has been associated with asthma severity*^®^ and a possible promoting role for 
Cpn in asthma is a focus of active investigation.*’* Third, an acute primary or 
secondary Cpn infection, in a previously asymptomatic nonasthmatic individual, 
could cause acute wheezing that develops into chronic asthma. That Cpn can 
initiate asthma is a radical idea for which there is some evidence*** but how 
important a role Cpn plays as an asthma initiator remains to be determined. It 
is conceivable that acute Cpn infection, as an asthma initiator, could contribute 
to a substantial number of cases. This chapter focuses on the substantial body 
of evidence favoring a promoting role for Cpn, and also reviews the existing 
evidence for Cpn as an asthma initiator. 
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1.2. Deflnition of Asthma 

Asthma can be defined either by diagnostic or functional criteria. This 
distinction is important. In the United States, clinicians try to make clear-cut 
diagnostic distinctions between asthma, chronic bronchitis, and emphysema 
whereas in European countries, particularly the Netherlands, the tendency 
is to view these diseases as a continuum. This debate between “splitters”® 
and “lumpers”*^*®' has not been resolved to everyone’s satisfaction. Ameri- 
can asthma specialists have tended to view asthma as a noninfectious allergic 
(atopic) condition beginning in childhood and also have tended to diagnose 
older patients with asthma symptoms as chronic obstructive pulmonary disease 
(COPD), particularly if a history of smoking was present.*^*^ It is now appar- 
ent from population-based epidemiological studies that (1) neither atopy*^*^' 
nor allergen exposure^^^^ are primary causes for childhood asthma, (2) half 
of asthma may be related to nonatopic (neutrophilic) rather than to atopic 
(eosinophilic) inflammation, and (3) adult-onset asthma (AOA) is as fre- 
quent as childhood-onset asthma. Of further interest are data showing that 
smoking is associated with Cpn infection as well as 

The natural history of obstructive airways syndromes may evolve over a 
lifetime,'^*^’^®^ airway-disease-related variables (age, sex, smoking, pulmonary 
function, and markers for atopy) have unimodal and continuous distributions 
across clinical diagnoses,^^*^ and a significant minority of patients with asthma- 
like symptoms cannot be placed in the classical diagnostic categories.*^^®’^*' To 
avoid diagnostic bias, it is probably more scientifically accurate to view atopy 
and smoking, along with other factors associated with asthma (e.g. bronchial 
hyper responsiveness), as covariates rather than as diagnostic attributes. For 
purposes of population-based, patient-outcome-oriented primary care clinical 
research, I favor the use of a functional definition for asthma based solely on 
cardinal symptoms (cough, wheeze, chest tightness, shortness ofbreath) and ob- 
jective evidence for reversible airways obstruction determined by lung function 
testing. 

Persistent symptomatic reversible airway obstruction is a common entity encoun- 
tered in primary care settings. The majority of cases are diagnosed as 
asthma, but the “overlap” syndromes [chronic asthmatic bronchitis and asthma 
with chronic airways obstruction (AS-CAO*^^^^ )] are often difficult to distinguish 
from asthma in clinical practice, respond to similar treatments, are linked to 
asthma in epidemiological studies and may represent later stages in the nat- 
ural history of reversible airway obstruction. The concept that asthma 
and COPD might have a common underlying etiopathology characterized by 
a unique host response to exogenous stimuli was proposed by Orie*^^^* and 
has become known as the “Dutch Hypothesis.” The Dutch refer to obstruc- 
tive airways syndromes (asthma and COPD) as chronic nonspecific lung disease 
(CNSLD),*^'°^ and chronic Cpn infection has been proposed as an etiologic 
factor in CNSLD.^^°^ As well as reviewing the evidence for a role in the initia- 
tion and promotion of asthma, this chapter also reviews the evidence suggest- 
ing a role for Cpn in the development of lung remodeling, a cardinal feature 
of COPD. 
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1.3. Importance of Asthma 

Asthma is an important cause of respiratory morbidity (symptoms, impaired 
quality of life, medication side effects), health care utilization (clinic and emer- 
gency room visits, hospitalizations, medication costs), and mortality. National 
costs for asthma in the USA were over $6 billion in 1990^^“*^ and are steadily 
increasing since asthma prevalence leaped almost 20%, from 10.4 million to 
12.4 million, between 1990 and 1992*^^’^®^ and continues to rise. The history 
of an “infectious initiation”^^^^ and markers for chlamydial infection*^^*^ may be 
significant risk factors for the development of COPD from nonatopic AOA. If 
COPD sequelae are included in the equation, costs of asthma are much greater 
than currently reported, since more than 16 million adults have COPD, and 
COPD accounts for approximately 110,000 deaths per year, $18 billion in direct 
health care costs and almost $10 billion in indirect costs.^^®’^°* 

The incidence of asthma is greatest in childhood but the prevalence of 
active asthma is equally distributed between children and adults because of the 
longer period of time available for accrual of new cases of adult asthma*^^^* and 
the greater likelihood for asthma remission to occur in childhood-onset com- 
pared to AOA.^^^* These facts account for the data that, nationally, patients 18 
years or older account for 72% of direct costs, 61 % of indirect costs, and 66% of 
overall costs of asthma care, excluding medications. In one clinical setting, 
adults 19 years or older accounted for 51% of the costs of asthma treatment, 
including medications. Death from asthma is a rare event in children, but 
asthma mortality increases steadily with age such that the mortality rate in the el- 
derly population (age 70 and older) can be more than 40 times the death rate in 
children aged 14 or less.*^^‘*^ It has been hypothesized that this age-related asthma 
mortality is due to the premature development of fixed obstruction known to 
accompany long-standing asthma.^^^^ These utilization data correlate with the 
clinical picture of asthma derived from numerous observations: compared with 
childhood-onset asthma, adult-onset asthma is associated with fewer markers of 
atopy,*^^®^ more likely to affect women. more clinically severe,*^^®’^®^ less likely 
to remit.^‘*°’"^^^ and associated with more fixed obstruction. 



1.4. Current Asthma Treatments Are Palliative, Not Curative 

Current asthma treatment is based on a paradigm of asthma as a non- 
infectious atopic condition whose “root cause” is inflammation. It is 
now well established that chronically administered antiinflammatory medica- 
tions, primarily inhaled corticosteroids (ICS), ameliorate asthma symptoms 
and improve prebronchodilator FEVj (forced expiratory volume in 1 
However, the therapeutic effects of ICS treatment are not maintained upon 
discontinuation. implying that ICS treatment is for the most part suppres- 
sive (palliative), not curative. The hoped-for additional effect that ICS treatment 
prevents the accelerated development of fixed obstruction in childhood asthma 
is not supported by evidence.*^^®’^^^ A randomized controlled trial found that ICS 
administration failed to slow the decline of postbronchodilator FEVj in adult 
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and an uncontrolled, before-after observational trial in adults 
found that postbronchodilator FEVi actually declined more rapidly after the 
addition of Any new asthma therapy that is superior to antiinflammatory 

drugs could have significant impacts on asthma morbidity, mortality, and costs of 
care. 



2. Chlamydia pneumoniae AS A PROMOTER OF ASTHMA SEVERITY 

Cpn-specific total Ig and the isotypes IgG and IgA antibodies have been as- 
sociated with asthma in many studies ofadults,^^^^ but serologic studies in child- 
hood asthma have been mixed. Conversely, several studies using culture 
or polymerase chain reaction (PCR) testing have shown high prevalence of Cpn 
in the upper airways of children with asthma,^^"^’^®’^’^ but Cpn is rarely detected 
in upper-airway samples of adult asthmatics, although Cpn has been detected in 
adult asthmatic lower airways. Furthermore, many studies have found that 
Cpn antibodies were associated with adult asthma severity It is gen- 

erally recognized that children do not develop antibodies against Cpn as readily 
as adults and therefore serology is a less reliable marker of possible chronic 
infection in children as compared with adults. Conversely, positive serology in 
adults could indicate previous exposure rather than persistent infection so that 
serologic associations in the absence of organism detection in the lung are not 
conclusive evidence for infection. Thus, currently available serologic evidence 
upon which most of the Cpn-asthma associations are based serves as a basis for 
more detailed investigation but is not in itself proof of causation. This further 
evidence must include results of antichlamydial antibiotic treatment studies in 
asthma that are confounded by potential antiinflammatory effects of the agents 
employed and by uncertainty about whether persistent Cpn infection can be 
eradicated by currently available antibiotic treatments. Thus, it will be chal- 
lenging to produce conclusive evidence that chronic Cpn infection causes or 
contributes to persistent asthma. 



2.1. Chlamydia pneumoniae -Asthma Serologic Associations 



A 1999 review of 1 8 controlled epidemiological studies containing over 4000 
cases and controls reported significant associations between Cpn and asthma 
in 15 of 18 studies. An additional 12 positive case-control studies were pre- 
sented at the 2000 Meeting of the European Society for Chlamydia Research 
and at the 2000 European Respiratory Society Meeting, 

studies found significant associations with PCR positivity in airway secretions as 
well as with Cpn-specific antibodies. Overall, the 27 positive studies included 
both children and adults with asthma; some reported stronger associations with 
nonatopic asthma than with atopic asthma, but differentiation on the basis of 
atopy was not universal. Some studies that measured only IgC antibodies failed to 
detect significant differences between cases and controls, whereas studies 
that included IgA antibodies were more often positive.*^^’^^’’®”®^* A number of 
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recently published seroepidemiologic studies add further evidence for a sig- 
nificant associahon between asthma and Cpn-specific and also with 

chlamydial heat shock protein-60 (Hsp60) antibodies The latter obser- 
vation, of an association between asthma and chlamydial Hsp60 antibodies, is 
intriguing because of the established link between chlamydial Hsp60 seroreac- 
tivity and the known chlamydia-caused diseases — trachoma, pelvic inflammatory 
disease, and tubal infertility 

Several studies have found evidence that acute Cpn infection, when 
present in acute exacerbations of asthma*^*^’*^^ or of chronic bronchitis^*** is 
associated with increased sputum neutrophil and eosinophil cationic protein 
levels,**^* asthma exacerbation severity,**’* and chronic bronchitis exacerbation 
frequency.**** A larger number of studies have found significant associations 
between markers of possible chronic infection and markers of asthma severity 
(Table I). 

Cpn-specific antibodies, in the absence of acute infection, have been associ- 
ated with asthma severity as measured by asthma symptom frequency,*®’* number 
of exacerbations,*®®* quantity of inhaled corticosteroid medication use,*®’* and 
symptom severity classification.*’* Especially Cpn-specific IgA antibodies, both 
in serum*® ’’®’’®** and in sputum*®** or nasal washings,*®®* have been associated 
with asthma severity, suggesting that this short-half-life antibody may be a use- 
ful marker for chronic infection.*’®* Two preliminary treatment studies, one 
in children*®®* and one in adults,*®’* also suggest that macrolide treatment for 
Cpn-associated asthma is more successful in less severe disease and before the 
occurrence of lung remodeling. 



2.2. Results of Antibiotic Treatment Directed against Chlamydial 
Infection in Asthma 

2.2.1. Macrolide Antibiotics Have Been Used in Asthma, but Indications 
and Mechanisms Are Unclear 

A role for triacetyloleandomycin (TAO), a macrolide antibiotic, in the treat- 
ment of asthma was first suggested in 1959.*®°* It remains unclear to what extent 
antiasthma effects ofTAO and other macrolides may be related to “steroid spar- 
ing” activity,*®’”®** inhibition of theophylline clearance,*®®* direct antiinflam- 
matory effects,*®®”®’* or to other mechanisms such as direct antiviral activity.*®** 
Early*®®* and more recent*’°°* clinical observations indicated that TAO and ery- 
thromycin might improve symptoms and bronchial hyperresponsiveness, re- 
spectively, in patients who were not receiving corticosteroids or theophylline. 
These observations suggest that effects on steroid and theophylline metabolism 
alone cannot account for the antiasthma properties of macrolides. Of additional 
interest is a preliminary report of prolonged remissions in severe asthma after 
withdrawal of long-term TAO therapy.*’®’* Because remission of severe asthma is 
unusual, this observation begs an explanation, as antiinflammatory or antiviral 
effects of macrolides are expected to wane soon after treatment discontinuation. 
An antibiotic effect was first suggested by clinical observations documenting 




244 



D. L. HAHN 



TABLE I 

Studies Finding Associadons Between Chlamydia pneunoniae Infection and 

Asthma Severity 

Asthma population/ 

Reference Study design Results 



Emre et 
Hahn el alS^^ 



Hahn<«‘> 



Cook et 



Cunningham et 



Black et 



12 Cpn culture-positive 
children/Case series 

Grpl: 12 adults with 
persistent asthma; Grp2: 
30 adults with 
intermittent asthma; 
Grp3: 89 with 
nonwheezing respiratory 
illnesses/Case-control 

46 Cpn seropositive adults 
(some culture positive)/ 
Before-after trial 

1518 nonasthmatic 
hospital controls, 123 
acute asthma patients 
with exacerbations 
admitted to hospital 
(chronic bronchitis and 
COPD excluded), 46 
severe chronic asthma 
outpatients/Case- 
control 

108 children with asthma, 
aged 9-11, enrolled in a 
13-month longitudinal 
community-based study/ 
Prospective cohort 



619 adult asthma 
patients/Nested 
case-control 



Macrolide treatment was less effective 
in more severe asthma. 

Cpn seropositivit)’ (total Cpn-specihc Ig 
titers > 1:16) was strongly associated 
with asthma severity (100% of Grpl, 
80% of Grp2, 53% of Grp3, 

P < 0.001). Antibody geometric 
mean titer (GMT) was also associated 
with severity (Grpl = 76, Grp2 = 29, 
Grp3 = 19, P = 0.0001). 

Macrolide treatment was less effective 
in asthma patients with a coexisting 
component of Bxed obstruction. 

Chronic/recent infection (IgG64-256 
or IgA > 8) present in 12.7% of 
controls, 14.6% of exacerbations, 
and 34.8% of severe asthma (Odds 
ratio 3.99, 95% confidence intert'al 
3.6-9.9, for severe asthma versus 
controls) . 



Cumulative frequency of Cpn PCR-(- in 
na.sal washings was 45% 

(independent of symptom status). 
Children with multiple exacerbations 
were more likely to remain PCR-I- 
{P< 0.02) . Amount of Cpn-specific 
secretory IgA was more than 7 times 
higher in children with four or more 
exacerbations versus 1 exacerbation 
(P<0.02). 

Use of high-dose inhaled 
corticosteroids (ICS) was associated 
with increased Cpn-specific IgG 
(P = 0.04), and IgA (P = 0.0001) 
seropositivity compared to use of 
low-dose ICS. In patients with 
lgf»> 1:64 and/or IgA > 1:16, there 
was an inverse association between 
IgG and FEV, (P = 0.04) and IgA 
antibodies were associated with a 
higher daytime asthma symptom 
score ( P = 0.04) . 
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TABLE I 
{CotU.) 



Asthma population/ 

Reference Study design 



Results 



Huittinen et 



Schmidt et af.**®* 



Von Hertzen et tdP'’ 



105 mild-moderate 
asthmatics and 33 
healthy controls/ 
Case-control 



106 children (66 male, 

40 female, ages 1 month 
to 17 years) undergoing 
bronchoscopy for 
therapy-resistant 
obstructive symptoms 
and/or recurrent or 
chronic bronchitis/ 
pneumonia, without 
identification of any 
other cause/Nested 
case-control 

116 adults with asthma 
from a chest clinic 
(31 men, 85 women; 

13 severe, 54 moderate, 

49 mild asthma) and 

50 blood donor controls 
(31 men, 19 women)/ 
Case-control 



Serum IgA heat shock protein-60 
(Hsp60) antibodies (40% cases, 

22% controls, R<0.05), sputum IgA 
(51% cases vs. 25% controls, 

P<0.01) and sputum IgA Hsp60 
(41% vs. 22%, P<0.05) correlated 
with asthma severity. 

52% were PCR-I- on BAL (half were 
strongly positive and half were weakly 
positive; the investigators suggest 
that weak positives might indicate 
chronic infection) . Compared to 
PCR— children, PCR-I- children had 
less eosinophilia of the nasal mucosa, 
less total serum IgE antibodies, and 
worse pulmonary function. However, 
weak positive PCR patients had the 
highest rates of allergic sensitization, 
reduction in lung volume, and the 
most obstruction. 

Severe and moderate asthma were 
significantly associated with elevated 
IgA antibody titers to Cpn: ORs were 
5.6 (95% Cl 1.3-24) for severe 
asthma and 5.7 (2-16) for moderate 
asthma. cHsp60 antibodies were 
more frequent and of higher titer 
among asthmatics than controls but 
the differences were not significant 



prolonged asthma improvement and even remission after microbiologic erad- 
ication of Cpn in infected asthma patients. The first randomized, con- 
trolled trial of a macrolide to treat asthma*^^°^^ documented a significant treat- 
ment effect on morning peak expiratory flow rate (PEFR) immediately after 
treatment but this result could have been due either to an antiinflammatory or to 
an antibiotic effect.^^®^* It is now recognized that macrolides possess significant 
antiinflammatory effects that may be useful to treat a variety of chronic inflam- 
matory lung diseases.^*°^^ The dramatic beneficial effect of low-dose, long-term 
macrolide treatment in diffuse panbronchiolitis (DPB ) , a chronic inflammatory 
lung disease prevalent in Japan,*^*°^^ is an example. Cpn had been continuously 
isolated from a patient with but chlamydial infection does not ap- 

pear to contribute significantly to the etiology,^*®^^ establishing macrolides as 
having a profound nonantibiotic effect in DPB that requires continuous ther- 
apy to maintain benefit. Another example is cystic fibrosis, in which significant 
macrolide treatment benefit has been demonstrated and interpreted as due to 
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an antiinflammatory effect;*^*®*^ however, some cases of CF have been associated 
with Cpn infection/^°^^ Current controversy surrounds the issue whether bene- 
ficial effects ofmacrolide treatment for asthma and related conditions are due to 
antiinflammatory'^"*’^ or to antibiotic'"’^ mechanisms, but all parties agree that 
future randomized, controlled trials are warranted to resolve this issue.'”’^’’"' 
Distinguishing an antiinflammatory mechanism from an antibiotic one is im- 
portant, among other reasons, because of implications for length of treatment. 

2.2.2. Antichlamydial Antibiotic Treatment for Asthma 

Table II summarizes results of preliminary treatment studies that support 
the need for further randomized trials. Table III illustrates that the positive 
treatment effect of antibiotics may be equivalent to or greater than that of 
inhaled corticosteroids (ICS). 

2.2.2a. Randomized Controlled Trials 

Evidence for a promoting role for chronic Cpn infection in asthma requires 
randomized treatment trials for confirmation.'"^' No randomized, controlled 
trials (RCTs) in children and two RCTs of antichlamydial treatment for adult 
asthma have been published'”’^’"®' (Table I). Kraft et a/.'"'’' reported that 31 of 
55 (56%) adults with asthma were PCR positive forM. pneumoniae (Mpn), Cpn, 
or both in bronchoalveolar lavage (B AL) fluid or bronchial biopsy and that only 
PCR-positive subjects randomized to 6 weeks of clarithromycin treatment had 
improved pulmonary function and reduced expression of IL-5, suggesting an 
antibiotic rather than an antiinflammatory effect. Black et randomized 

232 adults with asthma and serologic evidence of previous Cpn exposure to 
6 weeks of roxithromycin therapy and reported that this macrolide treatment 
was associated with a significant improvement in morning peak expiratory flow 
rate (PEER) at the end of treatment. Although the level of improvement in 
morning PEER in treated subjects was maintained, the significant difference 
from the control group was no longer present at 3 and 6 months because of 
steady gradual improvement in the control group. Therefore, the results of this 
study leave unanswered the question whether Cpn is important in asthma. 

The Black et trial contained methodological deficiencies, including lack 

of (1) monitoring for changes in asthma controller medications (to control 
for “medication confounding”: the potential for changing doses of controller 
medication in the usual care setting), (2) performance of direct organism de- 
tection (indicating whether subjects were actually infected at baseline, whether 
treatment eradicated infection, and whether cessation of treatment was followed 
by reestablishment of infection), and (3) inclusion of a control group of asth- 
matic patients with asthma of similar severity but without evidence of infec- 
tion (to determine whether observed effects were a result of antiinflammatory 
activity).'”*^' My group recently completed a multisite randomized, placebo- 
controlled pilot feasibility trial employing 6 weekly doses of azithromycin in 
45 adult primary care outpatients with persistent asthma and found consistent 
3-month posttreatment trends favoring azithromycin for all measures of 
asthma-specific symptoms, rescue medication use, and quality of life 
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TABLE n 



Treatment Results Supporting a Causal Role for Cpn Infection in Asthma 



Reference 


Asthma population/ 
Study design 


Results 


Emre el 


1 2 Cpn culture-positive 
children/Case series 


Lasting improvement in symptoms and 
pulmonary function associated with 
microbiologic eradication of Cpn. 


Hahn<®’> 


46 Cpn seropositive adults 
(some culture positive) / 
Before-after trial 


25 had lasting improvement or complete 
remission in symptoms and improved 
pulmonary function. 


Hahn et at.*"** 


1 adolescent & 2 adults 
svith severe, 
steroid-dependent 
asthma and serologic 
evidence suggesting Cpn 
infection/Case series 


Significant improvement after prolonged 
antibiotics; all three able to disconunue 
oral steroids. 


Hahn et 


Case of nonatopic 
AOA/Case report 


Improvement in asthma symptoms, FEVi 
and quality-of-life documented after 
microbial eradication of Cpn from BAL“ 
fluid. 


Espositio et at*"*' 


71 wheezing children of 
whom 24 had Mpn or 
Cpn infection/ 
Nonrandomized 
treatment 


Macrolide treatment significantly 
decreased relapse rate in Mpn/Cpn 
infected children (0 vs. 69% relapsed 
within 3 months) although 2/3 Cpn 
PCR-y cases remained PCR-y after 
treatment. 


Black et 


232 Cpn seropositive 
adults/RCT* 


Roxithromycin group (6-week treatment) 
had persisting increase in PEF*^ that was 
statistically significant only at 6 weeks. 


Kraft et at<*"> 


55 adult asthmatics of 
whom 31 were PCR 
positive for Mpn or 
Cpn/RCT* 


Only PCR-F asthmatics receiving 
clarithromycin (6-week treatment) had 
significantly improved pulmonary 
function and decrea.sed IL5 cytokine 
expression in BAL. 


Hahn et al. 


45 adult asthmatics/pilot 


Consistent trends in favor of azithromycin 


(unpublished) 


RCT* 


(6-week treatment) for all measures of 
asthma symptoms, rescue medication 
use and asthma-specific quality of life 
3 months posttreatment. 



“Bronchoalveolar lavage. 
^Randomized, controlled trial. 
Teak expiratory flow. 



(Hahn, D, L., Plane, M. B., personal communication). Positive effects 3 months 
after treatment cessation are consistent with an antibiotic mechanism. Our pre- 
liminary results need to be confirmed by larger trials before firm conclusions 
can be drawn, however. 

In summary, elevated antibody titers to Cpn, but not to other organisms, are 
associated with asthma.^®'^^ Many studies find that Cpn titers are associated with 
markers for asthma severity and that the association is stronger for long-standing 






248 



D. L. HAHN 



TABLE in 

Comparison of Open-Label Results of Azithromycin vs. Blinded Result of Inhaled 
Corticosteroids on FEVi in Asthma 



■Control Groups Treated Groups- 





Study duration, 
months. 


No. of 
subjects 


Baseline 

FEV,“ 


% No. of 

change subjects 


Baseline 

FEV,“ 


% 

change 


RCTs: inhaled corticosteroids 
Haahtela et 24 


53 


87% 


0 


50 


87% 


4-4 


Junij>er et 


12 


16 


90% 


0 


16 


92% 


0 


Kersljens el 


30 


183 


63% 


-1 


91 


65% 


-t-io* 


Vathenen et 


1 1/2 


16 


98% 


-6 


18 


96% 


4-8 


Azithromycin 


Hahn<®» 


6 


- 


- 


- 


46 


68% 


4-12 



“Perceiu predicted ^maximum response at 3 months posttreatmcnt, then FEV| declined 0.033L/)ear (same 
as in control group). 



than for recent-onset asthma/"^^ These data have been interpreted to indicate 
that Cpn is primarily a promoter rather than an initiator of asthma/®"^^ It has 
also been acknowledged, however, that the data do not exclude a role for Cpn 
in asthma initiation/’^ 



3. Chlamydia pneumaniae AS AN ASTHMA INITIATOR 

3.1. Asthma Is Often Associated with Preceding Respiratory Illnesses 

Patients developing AOA often recall that their asthma symptoms started 
after an acute respiratory illness such as acute bronchitis, pneumonia, or 
an influenza-like illness/”^ Clinical observations^"®’*^®^ and prospective epi- 
demiological studies^*’°"*’’^ also support an association between bronchi- 
tis/pneumonia and subsequent AOA. While these observations have often been 
interpreted to suggest that the preceding illnesses were actually misdiagnosed 
asthma symptoms or merely viral exacerbations of previously unrecognized 
asthma, a third possibility is that acute infectious illnesses might actually play a 
role in asthma initiation. Epidemiological associations of respiratory illness and 
subsequent asthma also pertain to children*^ and adolescents. The risk 
of developing asthma has been associated with close household contact with 
nonrelatives (friends and spouses). This observation could be explained by 
an infectious agent as a cause for asthma. 



3.2. New-Onset Asthma after Acute Cpn Infection 

Soon after the discovery of the TWAR organism (now called C. pneu- 
moniae) several case reports of asthma initiation after acute Cpn infection 
were published. Subsequently, I and my colleague, Roberta McDonald, 

performed a prospective study that included 10 adult outpatients presenting 
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in primary care clinical practice with a first-ever reported wheezing attack, rep- 
resenting all such cases encountered over a 10-year time period/*^ All 10 pa- 
tients met serologic criteria for an acute primary (n = 8) or an acute secondary 
(n= 2) Cpn infection using criteria that included a fourfold or greater titer 
rise and/or presence of Cpn-specific IgM antibody. Six of the 10 had persistent 
wheezing symptoms that eventually met American Thoracic Society criteria for 
chronic asthma (n= 5) or chronic bronchitis (n= 1). The latter patient was 
Cpn-culture-positive during the chronic bronchitic phase of his illness.*^^^ After 
6 months to 2 years of persisting symptoms, all subjects were treated with pro- 
longed courses of antibiotics with antichlamydial activity, and asthma symptoms 
resolved completely in every case.^®*^ Further details on these patients are pre- 
sented in Table fV, These data linking serologic evidence of acute Cpn infection 
with new-onset asthma that appeared to respond to antimicrobial treatment 
strongly suggest the possibility that Cpn can initiate asthma in previously asymp- 
tomatic individuals. Attempts to replicate these findings are of high priority to 
determine the quantitative contribution of Cpn infection to new-onset asthma. 
In my opinion, this research must include prospective studies in primary care set- 
tings where most acute lower respiratory illnesses and new-onset asthma present. 



3.3. Infection Should Be Added to the List of Possible Causes 
for Worldwide Increases in Asthma 

A consensus exists that asthma prevalence and mortality have been increas- 
ing worldwide in recent decades, but the reasons for these changes in frequency 
and severity of disease are unknown. None of the proposed risk factors (e.g., 
changes in atopy, smoking, air pollution, poor housing, better-insulated hous- 
ing, etc.) appear to explain these temporal trends. Strachan*^*^*^ has pointed 
out that quite large changes in the level of relatively powerful causal agents are 
required to explain documented increases in asthma prevalence. An infectious 
disease pandemic represents one candidate as a powerful causal agent. A role for 
Cpn infection as a cause for worldwide increases in asthma is plausible and has 
been suggested.*^*^^^ Ecologic data show that Cpn infection*^^^^* and asthma*^^^'*^ 
in all age groups and in both sexes have increased simultaneously in Finland 
over recent decades. Considering the possibility that worldwide increases in 
asthma are due to an infectious disease pandemic, further research into the 
Cpn-asthma association assumes great importance. 



4. SUMMARY : Chlamydia pneumoniae AS AN ASTHMA INDUCER 



A growing body of evidence (based on culture isolation, polymerase chain 
reaction (PCR) detection, serologic studies, and treatment results) links Cpn 
infection with asthma primarily in adults. and in children as well.^^"^’^®^ 
Nonatopic asthma has been associated with an infectious initiation in general*^^^^ 
and with Cpn infection in particular.*^®’"^’^^®^ Cpn respiratory tract infections 
can initiate asthma^®^ and are present in up to one-half of adults with asthma.*^"®^ 
It is even possible that the contribution of Cpn infection to asthma is so great 
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TABLE IV 

Clinical Data" in 10 Patients with Chlamydia pneumoniae Intection and 
de novo Wheezing*' 



Age, Sex 


Dale 


Total Ig 


IgM 


IgG 


IgA 


Qinical description 


1. 37. M 


10/13/88 (4 days)' 


128 


16 






Bronchitis with wheezing 




11/14/88 


128 


0 










9/13/89 


128 


0 






No asthma 


2. 39, M 


11/21/88 (5 days) 


0 


16 






Laryngitis, bronchitis with 














wheezing 




12/23/88 


256 


128 










4/17/89 


64 


16 










6/29/89 


32 


0 






No asthma 


3. 59, F 


3/9/89 (7 days) 


16 


32 






Pneumonia with wheezing 




4/3/89 


256 


512 










7/28/89 


64 


64 










11/27/89 


32 


0 






No asthma 


4. 35. F 


8/22/89 (24 days) 


512 


0 






Bronchitis with wheezing*' 




10/16/89 


4096 


0 










9/18/91 


256 


0 






No asthma 


5. 55, M 


1/26/89 (4 days) 


64 


16 






COPD, pneumonia with 














wheezing 




1/10/92 


512 


0 


256 


256 


Asthma diagnosed 




2/6/92 


256 


0 


256 


256 




6. 47. F 


3/21/89 (48 days) 


256 


16 






Bronchitis with wheezing 




4/21/89 


256 


0 






Persistent wheezing 




9/16/89 


256 


0 






Asthma diagnosed 




2/3/92 


256 


0 


256 


16 






3/5/92 


512 


0 


256 


16 






2/18/93 


256 


0 


512 


16 






5/26/93 


256 


0 


256 


16 






1/17/96 


256 


0 




32 




7. 51, M 


4/24/90 (35 days) 


256 


64 






COPD, bronchitis with 














wheezing 




5/21/90 


128 


128 






Persistent wheezing 




11/11/91 


256 


0 


128 


16 


Asthma diagnosed 




12/11/91 


256 


0 


128 


16 






3/6/92 


256 


0 


128 


16 






2/19/93 


256 


0 


128 


16 




8. 39, F 


10/29/93 (3 days) 


32 


0 




<8 


Bronchitis with w'heezing 




3/24/94 


128 


0 




16 


Asthma diagnosed 


9. 56, M 


4/11/94 (70 days) 


512 


256 




>64 


Community-acquired 














pneumonia with wheezing 




6/17/94 


1024 


32 




>64 


Chronic bronchitis diagnosed 




3/31/95 


512 


8 




64 




10. 35, F 


7/7/94 (66 days) 


1024 


128 




>64 


Bronchitis with wheezing 




8/5/94 


1024 


64 




>64 


Persistent wheezing 




10/17/94 


1024 


16 




>64 






12/19/94 


1024 


8 




>64 


Asthma diagnosed 



“Reprinted with permission of Ann. Allergy Asthma Immunol 1998;339-344. Copyright 1998. 

^Defined as the first-ever wheezing episode experienced by the patient. Missing IgG and IgA results were 
due to unavailability of sera. 

‘^Days post illness onset. 

‘^Culture positive. 
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ATOPY INFECTION 

ATOPIC ASTHMA NON-ATOPIC ASTHMA 

MORBIDITY, HEALTH CARE UTILIZATION & MORTAUTY 

FIGURE 1. Schematic illustration of current model of dual etiologies — atopy and infection — 
producing atopic and nonatopic asthma syndromes, respectively. 



that infection has played a role in causing worldwide increases in reactive airway 
diseases over the past several decades. The emerging concept of infection as a 
potential contributing cause for asthma is illustrated in Fig. 1. 



5. Chlamydia pneumoniae AND LUNG REMODELING 

5.1. Infection May Also Be Related to Airway Remodeling in Asthma 
and COPD 

The combination of adult-onset nonatopic asthma and Cpn seroreactivity 
has been associated specifically with an accelerated decline in lung function , sug- 
gesting that Cpn infection could contribute to the development of lung remod- 
eling and COPD (Fig. 2). Ten Brinke etal. studied 101 adults with severe asthma 
recruited from outpatient pulmonary clinics at 10 Dutch hospitals. Fifty-one 
percent (52 subjects) had early-onset asthma (before age 18) and 49% had 
AOA, with 24 subjects (24%) having adult-onset nonatopic asthma associated 
with IgG antibody positivity against Cpn. This latter group exhibited a decline 
in lung function that was 4 times greater than the other three groups combined 
(2.3% per year for Cpn-positive nonatopic AOA versus 0.5% per yearfor other 
subj ects) . Early-onset and adult-onset study groups were well matched in age, sex, 
asthma severity, pulmonary function, serologic parameters, and smoking status. 
The rate of decline of lung function in this cross-sectional, retrospective study 
was comparable to that reported in prospective studies, and recall bias could 
not explain the differences predicted by serological status. The authors sug- 
gest that “The striking association between seropositivity to C. pneumoniae and 
increased decline in lung function in AOA is compatible with the hypothesis 
that this respiratory pathogen might be involved in airway remodeling. 

Additional studies*^^^^ have described associations between Cpn serology 
and COPD, and it has been hypothesized that Cpn infection augments smoking- 
associated inflammation in COPD.^*^®^ Cpn has been documented by PCR, im- 
munohistochemistry (IHC), and/orelectron microscopy (EM) in COPD, 
and also in emphysema,*^^^®^ lung tissue. These observations are compatible with 
the idea that chronic chlamydial lung infection may relate to the pathogenesis 
of established chlamydial diseases such as trachoma, pelvic inflammatory dis- 
ease and tubal infertility that involve inflammation, and fibrosis and scarring 




252 



D. L. HAHN 



Earty'Onset atopic Ear)y*onset non-atopic 




AduKonset atopic Adult'Onset non*atopic 




Asthma duratk>n (yr) Asthma duration (yr) 

FIGURE 2. Relationship between asthma duration and postbronchodilator FEVi/VC (percent 
predicted [ % pred]) in different subgroups of patients with severe asthma according to age of 
onset of asthma, atopic status, and C pneumoniae IgG seropositivity (filled circles and continuous 
lines) versus seronegativity (open circles and dashed lines). Only in the subgroup of patients 
with adult-onset nonatopic asthma was a significant difference {P = 0.03) in the slopes of 
the regression lines observed. B, Slope of the regression line, with corresponding P value. 
Reprinted from J. All. Clin. Immunol. 107 , ten Brinke et al, “Persistent airflow limitation in 
adult-onset nonatopic asthma is associated with serologic evidence of Chlamydia pneumaniae 
infection,” pp. 449-54, Copyright (2001), with permission from Elsevier Science. 



resulting from an immunopathologic host response to chronic infection. A 
recent randomized trial of long-term, low-dose erythromycin in COPD reported 
profound beneficial effects of the macrolide on incidence of mild and severe 
COPD exacerbations but provided no information about the underlying mech- 
anism of action. These epidemiological and histologic studies are comple- 
mented by a variety of in vitro and in vivo pathogenesis studies that are reviewed 
below. 



5.2. Cpn Produces Cytokines Linked to Asthma and Lung Remodeling 

In vitro studies have demonstrated that Cpn infection of relevant lung 
cells can produce cytokines associated with asthmainflammation.^*"**^Potential 
pathogenic factors include release of reactive oxygen species, TNF-alpha, IL- 
Ibeta, and IL-8 from in vivo and ex vivo Cpn infected alveolar macrophages*- 
and IL-8, prostaglandin-E2, ICAM-1, cyclooxygenase-2 and NF-kB upregulation 
in human airway epithelial cells, in association with transepithelial migration 
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NON-ATOPIC ASTHMA 



INFECTION 



► 



COPD 



MORBIDITY, HEALTH CARE UTILIZATION & PREMATURE MORTAUTY 

FIGURE 3. An expanded model illustrating the proposed pathways whereby infection influ- 
ences nonatopic asthma and COPD to produce morbidity, health care utilization, and mortality. 



of Relevance of these results to clinical asthma is highlighted by 

additional findings that IL-8 and neutrophil inflammation have been associated 
specifically with non atopic asthma, whereas eosinophil and mast cell inflam- 
mation are present in both atopic and non atopic asthma/'"*^ It is intriguing 
to note that a bronchoscopic study of 55 adults with asthma found that mast 
cells were significantly more prevalent in the 3 1 subjects who were PCR positive 
for Mpn and/or Cpn, compared to PCR negative subjects/"®^ In vitro exper- 
iments also demonstrate that Cpn can induce factors relevant to the process 
of lung remodeling: human bronchial smooth muscle cells infected by Cpn 
produce IL-6, basic fibroblast growth factor and interferon-beta*^*'*'*’*"^^^ and 
Cpn-infected human macrophages express matrix metalloproteinase^'"'*' and 
92-kD gelatinase.'*"'^' Collectively, these factors may contribute to the develop- 
ment of airway smooth muscle hypertrophy, myofibroblast proliferation and ex- 
cess extracellular matrix deposition and/or degradation that characterize stages 
of asthma lung remodeling'*"'®' and airway damage in COPD. 

5.3. Summary: Chlamydia pneumoniae and Lung Remodeling 

Taken together, the studies reviewed in this section lay the groundwork for 
the hypothesis that persistent Cpn infection in lung tissue can accelerate the pro- 
cess of lung remodeling, the hallmark of COPD. Based on this evidence, an ex- 
panded model for the role of infection in the development of obstructive airways 
disease is presented in Figure 3. Since nonatopic asthma (i.e., the asthma syn- 
drome most likely to be caused by infection) may account for up to 50% of cases, 
Cpn infection could potentially have a major public health impact on asthma, 
and ultimately perhaps also on the treatment and/or prevention of other ob- 
structive airways diseases such as chronic bronchitis and emphysema (COPD). 



6. CONCLUSION: Chlamydia pneumoniae, CHRONIC 
NONSPECIFIC LUNG DISEASE (CNSLD) AND THE 
“DUTCH HYPOTHESIS” 

According to Vermeire et the CIBA Symposium proposed chronic 
nonspecific lung disease (CNSLD) in 1959 as an umbrella term for chronic 
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bronchitis, asthma, emphysema and irreversible or persistent obstmctive lung 
disease. In 1%1 Orie*^^^^ proposed the “Dutch Hypothesis” which stated that 
CNSLD represented different expressions of a single disease entity characterized 
by an hereditary predisposition to develop allergy and bronchial hyper reactivity 
in response to environmental factors. Prior to the discovery of the Cpn-asthma 
association, the pros and cons of the “Dutch Hypothesis” were fully debated 
without the hypothesis being proven or disproven.*^^’*®* It should be obvious 
to the reader of this review that the discovery of Cpn as a potential factor in 
asthma and COPD casts new light on the importance of examining the concept 
of CNSLD as a pathophysiologic entity. 

It is now well established that acute Cpn infection can cause acute bronchi- 
tis and pneumonia^*"*^’*^®^ and additional evidence presented herein suggests 
that lower respiratory tract illnesses caused by acute Cpn infection can develop 
into asthma and chronic bronchitis.*^*’ Chronic Cpn infection has also been 
associated with a wide variety of chronic upper-airway illnesses**^^’’^^^ as well as 
with the spectrum of acute and chronic lower-airway conditions including acute 
bronchitis,**^"*^ asthma and COPD.***^ Taken together, these data suggest a role 
for Cpn in the entire spectrum of respiratory illnesses embracing the natural 
history of CNSLD. Just as early identification and treatment of genital 
chlamydial infection of women is required to prevent the occurrence of pelvic 
inflammatory disease and tubal infertility, and timely treatment of eye infection 
in children is required to prevent blinding trachoma, early identification and 
treatment of Cpn infection in chronic airways disease will be important to pre- 
vent the development of chronic sequelae, if Cpn is confirmed as a treatable 
cause for even a subset of CNSLD. 

Acknowledgments. I would like to thank Mary Beth Plane for a critical review 
of a previous draft of this chapter. 
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Respiratory Tract Infections 
Caused by C. pneumoniae in 
Pediatric Patients 

KAZUNOBU OUCHI 

1. INTRODUCTION 

The growing data have been indicating that Chlamydia pneumoniae is a common 
and important respiratory pathogen in children as well as in adults all over the 
world/*^ This organism causes both upper and lower respiratory tract infections, 
often mild and self-limiting. C. pneumoniae, like Mycoplasma pneumoniae, has been 
recognized as a main cause of “atypical” pneumonia in children.^*^ C. pneumoniae 
causes not only an acute infection but also a chronic infection in children and 
may trigger exacerbations in their reactive airway disease. However, there are 
a number of unsolved issues in the diagnosis and treatment for C. pneumoniae 
infections because of its persistence in nature. 

In this chapter, I review on the role of C. pneumoniae in pediatric respira- 
tory infections, including carrier status, upper respiratory tract infection, lower 
respiratory tract infection, diagnosis, and treatment. 



2. RESPIRATORY DISEASE ASSOCIATED WITH 
Chlamydia pneumoniae 

2.1. Carrier Status 

Healthy carrier status or asymptomatic carriage of C. pneumoniae has been 
well documented in adults and children. Healthy carrier rate of C. pneumoniae 
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by isolation and/or PCR in the nasopharynx are 1 to 6% in children as reported 
in several studies/^”^^ The natural course of C. pneumoniae infection or long- 
term influence of the persistence of C. pneumoniae is not really understood. 
So far there is no useful typing method among strains of C. pneumoniae, so 
we cannot differentiate recurrence from reinfection of C. pneumoniae. Further 
study is really needed to elucidate the natural course of C. pneumoniae infec- 
tion and the role of its persistence by using the sensitive and reliable typing 
method. 



2.2. Upper Respiratory Tract Infection 

Infection with C. pneumoniae has been implicated in upper respiratory tract 
infection. Sore throat and hoarseness, respectively, were found in 80 and 30% of 
the 20 University of Washington students shown to have C. pneumoniae infection 
by serology, so upper respiratory symptoms such as pharyngitis are common 
clinical findings of acute C. pneumoniae respiratory tract infection in adult. 

C. pneumoniae infection was found in only 2% of adults with common cold by 
serology and is thought to be a less frequent cause in the etiology of the common 
cold than are viral diseases, main causes of the common cold.^^^ However, up- 
per respiratory tract infections with C. pneumoniae in children are quite less clear 
and only a few data have been reported. Recently, an Italian group reported that 
they found 21 .3% incidence for C. pneumoniae infection in children with symp- 
tomatic pharyngitis.^*^ A Swedish group also found C. pneumoniae in 21.0% of 
children with nasopharingitis.^®^ The same Swedish group found a 15% positive 
rate for C. pneumoniae in the adenoid tissue from children^®' These data seem- 
ingly suggest the emerging pathological role of C. pneumoniae in children with 
upper respiratory tract infections. However there are complicated and unsolved 
problems in this field. Which is better to diagnose C. pneumoniae infection, de- 
tection of C. pneumoniae or serology for diagnosis? In case of detection, is it 
always associated with the illness? Healthy carrier rates of C. pneumoniae by iso- 
lation and/or PCR in the nasopharynx are 1 to 6% in children as reported in 
several studies. The lack of correlation between positive culture results and 
serology has been often reported.^*’ This problem of C. pneumoniae is similar 
to that of Streptococcus pyrogens, of which healthy carriers in the nasopharynx are 
common. Presence of C. pneumoniae or S. pyrogens does not necessarily mean the 
cause of clinical findings. Furthermore it is very difficult to distinguish the symp- 
tomatic illness of C. pneumoniae infection from its healthy carrier status because 
of the poor specific antibody response in young infants and children. However 
these rates of healthy carrier status for C. pneumoniae, which are quite lower 
when compared with those obtained in children with upper respiratory tract 
infections, implicate that C. pneumoniae, like S. pyrogens, has a pathogenic 
role in children. 

The data on the association of C. pneumoniae infection and otitis media 
are contradictory. Detection rates of C. pneumoniae from middle-ear effusion of 
patients with acute otitis media are 0 to 67%.^“*’" '^^ However, to date little is 
known about the pathologic role of C. pneumoniae in not only acute purulent 
and secretory otitis media but also acute and chronic sinusitis. 
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2.3. Lower Respiratory Tract Infection 

2.3.1. Bronchitis 

Acute bronchitis is the most common clinical finding among lower respi- 
ratory tract infections due to C. pneumoniae. The rate of C. pneumoniae infection 
in patients with acute bronchitis has been reported to be varied and it ranges 
from 2 to 41%/*’^^“*®^ depending on the diagnostic criteria of acute bronchi- 
tis, the diagnostic methods used, and the patient populations selected. More 
than 3 times as many patients with acute bronchitis were seen as patients with 
community-acquired pneumonia among children. Typical symptoms of acute 
bronchitis due to C. pneumoniae are unproductive cough or the production of 
slightly yellowish mucoid sputum, sore throat, pain on swallowing, and hoarse- 
ness. These symptoms progress gradually in nature. Such patients sometimes 
present a pertussis-like illness. In a Swedish study, C. pneumoniae was found to 
be as much a main cause of persistent cough as were Bordetella pertussis and 
M. pneumoniae. If appropriate treatment is given, the symptoms disappear 
very quickly even if they have persisted for several months. 



2.3.2. Respiratory Tract Infection with Wheezing 

It has been well known that infectious agents, such as many virases and atyp- 
ical pathogens, trigger asthmatic exacerbations.^^’ Respiratory viruses such 
as the rhino virus are thought to be a major contributor. However, these respira- 
tory viruses cause only acute infections. On the contrary, C. pneumoniae cause not 
only acute infections but also chronic infections, often persisting for years. 

C. pneumoniae may cause the persistent inflammation, which is the basic na- 
ture of bronchial asthma, through chronic respiratory tract infection. Several 
researchers have found specific anti-C. pneumoniae IgE in the sera of children 
with C. pneumoniae infection and wheezing. These data suggested that a type 
1 allergy contrihutes to the pathogenesis of asthma associated with C. pneumoniae 
infection, similar to RS viras infection.^'"*^ According to age, C. pneumoniae infec- 
tion was found more frequently in exacerbations of childhood asthma than in 
adult asthma (Table j) ( 2 , 17 - 22 ) studies found that macrolides antibiotic 

treatment of children with C. pneumoniae infection and wheezing showed dra- 
matic clinical improvement in their reactive airway disease, especially among 
those with eradication of C. pneumoniae .^^^’^^ In these studies, clinical im- 
provement was also better in childhood asthma than in adult asthma. A role 
of C. pneumoniae in exacerbations of asthma may be more significant in early 
childhood than in adulthood. 

Recently, inhaled steroid drugs have been recommended to treat moderate 
to severe asthma patients. Many in vitro and animal data have indicated that 
steroid drugs exacerbate C. pneumoniae infection.^^^’^"^^ Our data also showed 
that inhaled steroid drugs enhance C. pneumoniae infection in vitro (Fig. 1). 
Further studies are needed to elucidate the role of oral and inhaled steroid drugs 
in patients with asthma and C. pneumoniae infection in the future . Furthermore , 
the optimal length of antibiotic therapy and the mechanism of favorable effect of 
antibiotic treatment in asthmatic children with C. pneumoniae infection should 
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TABLE I 

Detection of C. pneumoniae Infection in Exacerbations of Asthma in Children and 
Adults: Results of Representative Studies 



Author 

(ref.) 


Location 


Subjects 

in) 


Age 

(year) 


Methods 


Prevalence of 
C. pneumoniae 
infection (%) 


Cunningham et 


Southhampton, UK 


96 


9-11 


PCR" 


45 


Emre et 


New York, USA 


118 


5-16 


Culture 


11 


Esposite et ai*'®’ 


Milan, Italy 


71 


2-14 


PCR/Serology 


16 


Kamesaki etedP^^ 


Osaka, Japan 


33 


0.4-16 


PCR/Culture/ 

Serology 


42 


Allegra et 


Milan, Italy 


74 


17-54 

(Adult) 


Serology 


9 


Cook et 


Birmingham, UK 


123 


16-82 

(Adult) 


Serology 


6 


Miyashita et 


Kurashiki, Japan 


168 


16-80 

(Adult) 


PCR/Cullure/ 

Serology 


9 



PCR: Polymerase chain reaction. 




Beclometasone dipropionate q 25 I 

Fluticasone propionate 

Concentration of Steroid Drugs 

FIGURE 1. Increase ofinclusion bodies of C pneumoniae in the presence of glucocorticoids. 
C. pneumoniae inoculated HEp-2 cells incubated with fluticasone propionate, beclometasone 
dipropionate, or hydrocortisone succinate, compared with control cultures in which no drug 
was added throughout the 72-h culture period. Inoculated doses of C. pneumoniae incubated 
with glucocorticoids were the same as the control. 
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be established, because it is well known that macrolides have antiinflammatory 
activities in addition to their antibacterial activities. 



2.3.3. Pneumonia 

The role of C. pneumoniae in children with community-acquired pneumo- 
nia has been getting as well known as that in adults, although published data 
has been quite less for children than adults. Its proportion ranged between 2 
and 28%, •^*3,25-34) (jgpgjjjjjjig qjj jjjg diagnostic methods used and the patient 
populations, especially geographical location and the age group selected.*^^^”^"^^ 
Most of these studies were based on serology alone, <25-27,32) g^cept some which 
were based on both serology and detection of C. pneumoniae by isolation and/or 
polymerase chain reaction (PCR) using nasopharyngeal specimens.^*^’^®’^°“^"^^ 
Only one study was done using transthoracic needle aspiration.*^^®^ Although 
pneumonia due to C. pneumonaie was formerly thought to be less frequent in 
children aged less than 5 years, recent studies based on both serology and detec- 
tion of C. pneumoniae have indicated that it has been frequent in children aged 
less than 5 years. Clinical findings of pneumonia due to C. pneumonaie 

and M. pneumoniae are quite similar and usually regarded as classical atypical 
pneumonia, often mild and self-limiting. Thus, C. pneumonaie is a main cause 
of mild to moderate community-acquired pneumonia and ranged usually more 
than 10% in outpatient settings. On the contrary, C. pneumoniae causes severe 
community-acquired pneumonia less frequently and ranged usually less than 
5% in inpatient settings (Table II). 

However, there are several differences between the clinical findings for 
children with C. pneumoniae infection and those with M. pneumoniae infection. 
In our experience, M. pneumoniae tends to cause pneumonia rather than bron- 
chitis, while C. pneumoniae tends to cause bronchitis rather than pneumonia.*^^'^^ 
Children with M. pneumoniae infection develop high fever and are accompanied 
by high cold agglutination titer more frequently than those with C. pneumoniae 
infection. Children with C. pneumoniae infection develop wheezing more fre- 
quently than those with M. pneumoniae infection. 

Typical pattern of the chest X-ray of pneumonia with C. pneumoniae infec- 
tion is bronchopneumonia with multiple infiltrates. The infiltrates are often 
segmental with small nodular infiltrates. Segments of various different lobes 
can be involved and there is a general preference for both lower lobes. Pleural 
effusion is rare and mostly not extensive. The chest X-ray of pneumonia patients 
with M. pneumoniae infection shows rather dense shadows, with more intersti- 
tial infiltrate and reactive pleurisy than of those with C.pneumoniae.Ykmew&v, 
we cannot predict causative agents on the basis of presenting manifestations, 
radiological features, and laboratory data except specific diagnostic tests. 



3. DIAGNOSIS 

Despite the substantial evidence of C. pneumoniae as a respiratory 
pathogen, progress has been hampered by the lack of standardized diagnostic 
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TABLE II 

Role of C. pneumoniae infections in conununi^-acquired pneumonia in children. 
Results of representative studies. 



Author 

(ref.) 


Location 


Subjects 

in) 


Age 

(year) 


Setting 


Methods 


Prevalence of 
C. pneumonuu 
infection (%) 


Nohynek et a/.*^** 


Helsinki. 

Finland 


135 


0.2-15 




Serology 


1 


Korppi et 


Multicenter. 

Finland 


195 


1 17(<2 years of age) 
78{< 2 years of age) 


' 


Serology 


1 


Juven et 


Turku. Finland 


254 


0.1-16 


I 


Serology 


3 


Esposito et 


Multicenter. 

Italy 


203 


2-14 


1 


PCR/Serology 


9 


Principi et 


Multicenter. 

Italy 


418 


2-14 


I 


PCR/Serology 


11 


Vuori-Holopaninen 


Oulu, Finland 


34 


0.8-14 


I 


Lung Tap/ 
PCR 


3 


Block el 


Multicenter. 

USA 


260 


3-12 


o* 


Culture/ 

Serology 


28 


Harris et 


Mullicentcr. 

USA 


456 


0.5-16 


O 


Culture/ 

Serology 


15 


I leiskanen-Kosma 
el 


Multicenter, 

Finland 


201 


0,3-14 


o 


Serology 


10 


Wubbicl et 


Dallas, USA 


174 


0.5-16 


o 


PCR/Cullure/ 

Serology 


6 


Ouchi et 


Shimonoseki, 

Japan 


305 


0.1-14 


o>i 


Serology 


15 



“I: Inpatient, ‘O: Outpatient. 



methods, including serological testing, culture, DNA amplification, and tissue 
diagnostics*^^^\ The lack of standardized methods has resulted in a broader 
range of the reported role of C. pneumoniae infection and made it difficult for 
us to compare those results. Recent recommendations state as follows:^^^* With 
regard to serological testing, only the use of microimmunofluorescence (MIF) 
test is recommended. Standardized definition for acute infection is based on a 
serum IgM titer ^ 1:16 or a 4-fold increase in serum IgG titer, and that for possi- 
ble acute infection is based on a serum IgG titer 1 :5 12. Presumed past infection 
is on a serum IgG titer 1:16. The use of single IgG titers for determining acute 
infection and IgA for determining chronic infection are discouraged. Confir- 
mation of a positive culture result requires propagation of the isolate and/or 
confirmation by use of PCR. There have been many reports using different PCR 
methods; however, only four PCR assays have been recommended in published 
reports. 

There are several other problems in diagnosing C. pneumoniae infection 
with standardized diagnostic methods. It is very difficult to take good sputum 
specimens from children. So most studies were based on serology alone or on 
both serology and the detection of C. pneumoniae by isolation or PCR using 
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nasopharyngeal specimens. Only one study was done by use of transthoracic 
needle aspiration.*^^®^ It is very important to detect C. pneumoniae from patients 
with pneumonia for diagnosis, however only limited data are available for the 
correlation between nasopharyngeal specimens and sputum specimens in chil- 
dren. C. pneumoniae is well known to infect persistently in the nasopharynx either 
with some symptoms or without. Therefore, it is not easy to differentiate 
symptomatic illness due to C. pneumoniae infection from symptomatic illness due 
to some other causative organism with asymptomatic C. pneumoniae persistent 
infection by only detection of C. pneumoniae from the nasopharynx. Cultures are 
important for examining the viability of C. pneumoniae, and providing isolates for 
biological characteristics and antimicrobial susceptibility. However, PCR holds 
more promise as a rapid diagnostic test and a sensitive test than does culture. 

To date, only the MIF test has been recommended for serology.^^*^ The 
kinetics of the antibody response is relevant in C. pneumoniae infection.*^®’ On 
primary infection, the IgM response should appear as early as 3 weeks after onset 
of illness, and the IgG response at 6-8 weeks. On reinfection, the IgM response 
may be absent and the IgG response appears rapidly, within 1-2 weeks. Because 
of the absence of antibodies several weeks after the onset of infection, the anti- 
body response may be missed if convalescent sera are obtained soon. Another 
difficulty of serological MIF testing is the absence of MIF antibodies in people 
with culture-confirmed infection. This is rather rare in adults, but has been 
often noted in younger children.® When sera from culture-positive but MIF- 
negative children with respiratory infection were examined by immunoblotting, 
over 89% were found to have antibodies to several C. pneumoniae proteins but 
only 24% reacted with the major outer membrane protein (MOMP).^*'*^ The 
MOMP does not appear to be immunodominant in the immune response to 
C. pneumoniae infection, although it has been shown to be immunodominant 
in C. trachomatis infection. Even though we use the immunoblots of acute-phase 
and convalescent paired sera for serology, there may be more or less poor cor- 
relation between serology, culture, and PCR because of the poor serological 
response in younger children and the asymptomatic persistent infection. 

There is also a problem of some interlaboratory variation in the perfor- 
mance of the MIF test.^^^^ Therefore, we need good enzyme immunoassays for 
detection of C. pneumoniae antibodies for their technical accessibility, objective 
evaluation, and easy standardization, and further careful comparative tests will 
need to be done for recommendation. 



4. TREATMENT 

There have been limited published data describing the clinical and bacte- 
riological response to antibiotic therapy of respiratory infection due to C. pneu- 
moniae. C. pneumoniae is susceptible in vitro to macrolides, tetracyclines, and flu- 
oroquinolones. However, only macrolides can be safely used regardless of age 
because of the side effects of tetracyclines and fluoroquinolones in children. 
Optimal dose and duration of therapy are uncertain, although prolonged treat- 
ment (more than 2 weeks’) has been recommended in spite of a lack of 
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well-controlled studies/'^ In several open, uncontrolled studies investigating pa- 
tients with C. pneumoniae infection, clinical response did not differ between those 
patients who had treatment regimen active against C. pneumoniae and those who 
were treated with antibiotics that have no or poor activity against Chlamydia in 
vitro. Lack of standardization in diagnosis or of well-controlled studies may be 
the main reason for this basic confusion. Overall, the use ofmacrolide antibiotics 
led to 80-100% clinical and around 80% microbiological eradication from the 
nasopharynx in several recent open, uncontrolled studies. Treatment 
with erythromycin for 14 days, clarithromycin for 10 days, or azithromycin for 
5 days showed similar clinical and bacteriological responses in these studies. Per- 
sistent infection of C. pneumoniae after completion of macrolide treatment was 
not due to development of resistance to the antibiotics because the minimal in- 
hibitory concentrations and the minimal bactericidal concentrations of isolates 
of C. pneumoniae from patients before and after treatment remained within the 
range susceptible to the antibiotics.**"*^ The reason why persistence of C. pneumo- 
niae after antibiotic treatment active against C. pneumoniae remains unanswered. 
However, this persistent infection of C. pneumoniae may be due to the persistent 
form of Chlamydia which is induced in vitro with gamma-interferon, tryptophan 
depletion and so on, and becomes less susceptible to antibiotics.*^®* In human 
natural infections, the active infection form and the persistent form might ex- 
ist together and convert to either way in the local circumstance in vivo; how- 
ever, to date no one has proved the persistent form of C. pneumoniae in natural 
infection. 

We really need large-scale, carefully randomized, controlled trials that ex- 
amine the effectiveness of antibiotic treatment for C. pneumoniae infections, 
including microbiological efficacy. 



5. CONCLUSION 

The growing and substantial data have indicated that C. pneumoniae has 
a more significant role than previously thought as causes of respiratory tract 
infections in children, especially younger children. C. pneumoniae frequently 
causes not only upper and lower respiratory tract infections but also triggers 
wheezing in children with reactive airway disease. C. pneumoniae causes persis- 
tent infections in nature with or without symptoms, and this evidence makes it 
very difficult to interpret healthy carrier status and diagnose acute infections. 
Furthermore, another difficulty in diagnosis is the absence of antibodies in peo- 
ple with culture-confirmed infection, which is ratherrare in adults, but has been 
often noted in younger children. 

The lack of standardized methods is another problem and has resulted in 
a broader range of the reported role of C. pneumoniae infection and makes it 
difficult for us to compare those results. We must follow recent recommendation 
statements for future trials. Furthermore, rapid and more effective diagnostic 
methods are necessary to diagnose C. pneumoniae infection in clinical settings. 

There have been limited published data describing the clinical and bacte- 
riological response of respiratory infection due to C. pneumoniae to antibiotic 
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therapy. Optimal dose and duration of therapy are uncertain. We really need 
large-scale, carefully randomized, controlled trials that examine the effective- 
ness of antibiotic treatment for C. pneumoniae infections, including microhio- 
logical efficacy. 
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Roxithromycin in Ischemic Syndromes 
(ROXIS) study, 126 

Salmonella, 221 
Secreted proteins, 37-39 
Seroepidemiology 
of asthma, 242—243 
of atherosclerosis, 116-117 
Shigella, 221 
Sickle cell disease, 202 
Single-nucleotide polymorphisms (SNPs), 

146 

Sinusitis, 264 

Smoking, 88, 90, 113, 130, 240, 249, 251 
Smooth muscle cells, 121, 122-123, 139, 141, 
147, 154, 166, 193 

South Thames Trial of Antibiotics in 

Myocardial Infarction and Unstable 
Angina (STAMINA) study, 127, 181 
Sparfloxacin, 47 

Sporadic Alzheimer’s disease. See 
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